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One of the main characteristics of computer appliances for processing real-time information is reliability.

The reliability of software is understood as the property of this software to perform specified functions, maintaining
its characteristics within the established limits under certain operating conditions.

Software reliability is determined by its reliability and recoverability.

Reliability of software is a property to maintain its performance when using it for processing information in the in-
formation system. The reliability of the software is estimated by the probability of its operation without failures under
certain environmental conditions during a given observation period.

The development of real-time systems requires a large amount of resources for design and testing. One of the solu-
tions to this problem is mathematical modeling of computer appliances. This allows more flexible design of real-time
systems with the specified reliability, taking into account the limitations on price and development time, and also opens
the possibility of more flexible optimization of computer appliances for real-time control systems.

To develop a mathematical model of the reliability of computer appliance for real-time systems, it is necessary to
take into account the provision of a given level of reliability, with reasonable development costs.

There are many methods for improving software reliability, but the most promising and effective methods are re-
dundancy, which is achieved using N-version programming.

To increase the reliability of the hardware of the computer appliance, it is also necessary to use redundancy and re-
dundancy, which includes multiprocessor and provision of different buses and independent RAM.

This paper discusses existing approaches to improving the reliability of hardware and software, proposes a model
of reliability of a computer appliance, which is understood as the product of the probability of failure-free operation of
hardware and the probability of error-free operation of software.

In addition, new formulas are proposed for the steady state probabilities of the hardware states of a multiprocessor
computer appliance with heterogeneous processors, which give the same result as the existing ones, but require fewer
computations.

The paper concludes with a question about the possibility of optimizing the reliability of computer appliances based
on the developed model, and indicates optimization methods that can be used to solve this problem.

Keywords: reliability, sofiware reliability, real-time systems, mathematical model, multiversion programming.
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HquopMamuKa, eblHuUcCIUmMeNlbHdasl mexnuKka u ynpaejienue

o0 Haoéxcnocmuro npoecpammuoco obecneuenus (I10) nonumaemces c6oucmeo 3moco obecneyeHus 6bINOIHAMb
3a0anHble QYHKYUL, COXPAHSSL CB0U XAPAKMEPUCTIUKU 8 YCIMAHOBIEHHbIX NPedeiax npu OnpeoeléHHbIX YCI08UAX IKC-
nIyamayuu.

Haoéacnocmo I10 onpedensiemcest e20 6€30mKaA3HOCMbIO U 80CCIMAHAGIUBAEMOCTBIO.

Besomxasnocms I10 — smo ceolicmgo coxpanams pabomocnocobOHOCHb Npu UCNOIb308AHUU €20 Ol 00pabomKu
unopmayuu 6 ungopmayuonnol cucmeme. bezomraznocmvio npocpamMmHo20 o0becneueHuss OYeHUBAemcs 8eposini-
HOCMb €20 pabomul Oe3 OMKA308 NPU ONPEOelEHHbIX YCI08UAX BHEWHell cpedbl 8 meyeHue 3a0aHH020 nepuood Haob-
OeHusl.

Paspabomxra u npoexmuposanue cucmem peanbHo20 6peMeHU mpebyem 606020 KOMUYECBA PeCypcos Ha NPOEKmu-
posanue u mecmupoganue. OOHUM U3 peuweHuti OaHHOU NPOOIEMbL AGTACNCA MAMEMAMUYECKOe MOOETUPOBAHUE ANnd-
PAMHO-NPOSPAMMHBIX KOMNIEKCO8. Dmo noseoisiem 0onee 2UOKO NPOEKMuposams CUCMEMbl PealbHO20 6peMeHU
€ 3a0aHHOT HAOENCHOCIBIO C YYEMOM 02PAHUYEHUI NO YeHe U BpeMeHU pa3pabomKU, a maxice OMKpbleaen 603MOiC-
Hocmb Donee 2UOKOT ONMUMUZAYUL ANNAPAMHO-NPOSPAMMHBIX CUCHEM PEATbHO20 BPEMEHU.

s paspabomxu mamemamuieckol Mooeau HA0ENCHOCMU AnnapamHo-npOSPAMMHOS0 KOMIIEKCA CUCMEM Peaib-
HO20 8peMeHU HeoOX00UMO YYumvléams obecneyenue 3a0aHH020 YPOBHS HAOEICHOCIU NPU YeleCOOOPA3HbIX 3ampa-

max Ha paspabomxy.

Cyu;ecm@yem MHO20 Memo008 NOBLIULEHUS HAOENCHOCMU npocpamMmHoco 06@Cﬂ€'—l€Hu}l, HO Haubonee nepcnekmue-
HbllL U Sd)d)EKmu(belﬁ Memoo — 2mo u36blm0'{HOC‘mb, Komopast oocmueaemcst 3a C4ém UCNONIb308AHUS Myibmueep-

CUOHHO2O0 npocpammuposanusl.

ﬂﬂﬂ NOBbIULEHUSL HAOENCHOCTU annapamnozi Yacmu KOMNIeKca makaice Heobxooumo UCnonb308ams U30bIMOUYHOCHb
u pesepeuposarue, 4Hmo exKjiodaem 6 cebs MYTbmunpoyeccopHocms u obecneyenue PA3HBIX WUH U He3asuUcuUMoll one-

pamueHoﬁ namamu.

B oannoii cmamve paccmampueaiomces cywecmayiowue noOxXoovl K NOBLUUEHUIO HAOENCHOCMU annapamtozo
U NPOSPAMMHO20 0becnedenust, NPedaazaemcs Mooeib HAOENCHOCMU AnnapamHo-nPOSPAMMHOZO KOMNIEKCd, KOMopas
NOHUMAEMCS KaK NpoussedeHue 6eposimHocmy 6€30mKa3Hol pabomsl annapamnozo obecneuerus u 8eposimHocmu 6e3-

OWUOOUHOU pabombl NPOSPAMMHO20 0becneyeHus.

Kpome moeo, npeonazaromes nogvie opmynvl 015 6epoAmMHOCMEN COCIMOAHUL annapamnozo obecneveHus MHO2O0-
npoOYeCccopHO20 BLIUCTUMENLHO20 KOMNIAEKCA C PAZHOPOOHBIMU NPOYECCOPAMU 8 YCIMAHOBUBUIEMCSL pedicuMme, Oalouue
Mom dice pe3ynbmam, 4mo cyuwjecmeyiowue, Ho mpeoyrouue MeHble 8bl4UCTCHUL.

B 3akmiouenuu cmamvu cmagumcs 60nPoC O  BO3MOICHOCMU ONMUMUZAYUU HAOEICHOCMU aANNApAmMHO-
NPOSPAMMHBIX KOMNJIEKCO8 HA OCHOGE NOCMPOEHHOU MOOENU, YKA3bIBAIOMC S MEMOO0bl ONMUMUZAYUU, KOMOPble MO2YM

ObIMb UCNONIL30BAHBL NPU PEUEHUU OAHHOU 3A0aYlUL.

Knioueswvie cnosa: H(laé.?iCHOCI’)’lb, npoecpammnoe O6€CI’[€V€HH€, Cucmembvl pedalbHo20 6pemMeHU, mamemamuiecKkas

MoOenb, MYTbMUBEPCUOHHOE NPOSPAMMUPOBAHUE.

Introduction. Reliability is one of the main character-
istics of real-time hardware and software systems for
processing information [1-3].

Reliability of software is understood as the ability of
this software to perform specified functions, while main-
taining its characteristics within established limits under
certain operating conditions.

The reliability of the software is determined by its
faultlessness and recoverability. Faultlessness of software
is a property to maintain operability when using it to
process information in an information system (IS). The
faultlessness of the software is the probability of its op-
eration without failures under certain environmental con-
ditions during a given observation period.

Real-time systems development requires a lot of de-
sign and testing resources. One of the solutions to this
problem is mathematical modeling of hardware and soft-
ware systems. This allows for more flexible design of
real-time systems with a given reliability, taking into ac-
count the limitations on price and development time, and
also opens up the possibility of more flexible optimization
of hardware and software complexes of real-time control
systems.

With the development of processing power, evolu-
tionary algorithms and neural networks, such models are
becoming increasingly relevant.
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To develop a mathematical model of the reliability of
the hardware and software complex of real-time systems,
it is necessary to take into account the provision of a
given level of reliability with reasonable development
costs.

Reliability of the software. The reliability of the soft-
ware architecture includes both the reliability of the cen-
tral system core and the reliability of the individual com-
ponents provided to the user. Failure of an individual
component can lead to the inoperability of this and, possi-
bly, other software components. However, this should not
lead to the inoperability of the entire system as a whole. A
thorough analysis of the software architecture allows to
identify the components, the errors in which have the
most significant impact on the reliability of the system.
Generally, these are the components most commonly used
or architecturally related to many other components.
There are a lot of methods for increasing the reliability of
software [4; 5], but currently only the multiversion fault-
tolerant programming approach is a possible alternative to
testing and verification methods, providing a high level of
reliability of critical software functioning [6]. It is impor-
tant to realize that verification does not guarantee correct-
ness, since the specifications and / or verification systems
themselves (like any other software) may contain errors.



Cubupckuil scypHan nayku u mexvoaoeui. Tom 21, Ne 3

The use of decision support systems in multiversion
programming allows us to focus on the quality of re-
quirements at the stage of creating reliable software.
However, improving software reliability characteristics
using redundancy requires additional time and financial
resources. Therefore, the main question at this stage is
how, using redundancy in the software architecture, to
maximize reliability and reduce development costs. This
area includes methods of multicriteria decision making,
focusing on problems with a discrete decision space. Tak-
ing into account different levels of information about the
expert's preferences, a variety of methodologies for mul-
ticriteria decision support have recently been developed.
The use of various methods for determining the depth of
multiversion and multi-criteria decision-making when
choosing an architecture makes it possible to design a
software system that meets the requirements.

Depending on the number and size of the components,
the conditional and unconditional probabilities of failure,
access, analysis and recovery time, as well as the usage
time of the components, are different. The model [7],
given below, can be used to assess the reliability of soft-
ware for possible architectural changes, select a reliable
architecture from various options and has the following
designators:

1) M — number of architectural levels in software ar-
chitecture;

2) N;—number of components at level j,j € {1, ..., M};

3) D; — set of component indices depending on the
component i at levelj, i € {1,..,N;},j e {1,..,M};

4) F; — a failure that occurred in a component 7 at
levelj,ie {1,..,N},je {l,.., M}

5) PU; — probability of using component i at level j,
ie{l,.,N},je{l,.,M};

6) PF; — probability of a failure in a component i
atlevelj,ie {1,..,N},je {l,.., M};

7) PLY,,, — the conditional probability of a failure in
component m at level n when a failure occurs in a compo-
nentiatlevelj, i e {1,..,N},je {l,..M},ne{l,..,N,},
me {l,.. M}

8) TA; — relative access time to the component i at
levelj,i € {1, ..,N;},j e {1, ..., M}, defined as the ratio
of the average access time to component i at level j to the
number of failed components at small levels of architec-
ture for the same time;

9) TC;; — relative time to analyze failure in component
iatlevelj, i e {1,.., N}, je {1, .. M}, defined as the
ratio of the average time of failure analysis in component
iatlevelj,ie {1,..,N},je {1, .., M}, to the number of
faulty components at all levels of the architecture ana-
lyzed at the same time;

10) TE; — the relative time to resolve a failure in
component i at level j, i € {I, .., Ni}, j € {1, .., M},
defined as the ratio of the average recovery time in com-
ponent i at the level j, i € {1, ..., N;},j € {1, ..., M}, to the
number of failed components at all levels of the architec-
ture, in which failures are eliminated at the same time;

11) TUj; - relative usage time of component i at level /,
ie{l,..,N},je {l,.., M}, defined as the ratio of the
average use time of component i at the level j, i € {1, ..., N;},
j € {1, ..., M}, to the number of components at all levels
of the architecture used at the same time;

12) TR —average system downtime in a large real-
time software architecture, defined as the time during
which the system is unable to perform its functions;

13) MTTF (Mean Time to Failure) —the average time
to failure in a large real-time software architecture, de-
fined as the time during which no system failures occur.

In the architecture of real software, the average time
for the appearance of a failure, that is, the time during
which the software functions correctly, is [7]:

J=M i=Nj
MTTF =" > {PU; x(1- PF,)x[TU; +
j=l =l

n=Nm

m=M
+ > [A-PL,)TU,, + > [(1-PLy)xTU, 111+
(m=1)&(m=j) n=1 leDnm
m=M n=Nm

+ 2 [A-PLP[IU;+ Y. D [A-PL))x

keDij (m=1)&(m=j) n=1

x[TU,,, + Y [A=PLy")xTU,, 113

leDnm

The average downtime (recovery) of the software
is [7]:
J=M i
1R =
j=1

I
S

1 {PU,; x PF; x[(T4; +TC; + TE;)+

m= n=Nn

+ > > [PL), x[(TA,, +TC,, +TE,,)+
(m=1)&(m#j) n=1

+ Y [PLy x (T4,

Im

+TC,, +TE, )]

m

le Dnm
D [PLY x[(T4y, + TCy; + TE;) +
keDij

n=Nm
> [rLy (T4, +TC,,, +TE

m=M
+ Z nm
(m=1)&(m#j) n=1
+ 20 [PLy X (T4, +TC,, +TE, )TN
leDnm

)+

Average system downtime and average failure time
can be used to predict the reliability of software in gen-
eral. For the case of continuous operation of complex
software (and for a real-time system, this is the most
likely mode of software operation), the reliability of the
software can be estimated using the availability factor S,
calculated by the following formula:

_ MTTF
MTTF +TR

The availability factor can be interpreted as the prob-
ability of correct software functioning.

The main approach to increasing the reliability of soft-
ware, which is subject to increased requirements for con-
tinuity and correct functioning, is multiversion develop-
ment, that is, the creation by independent developers of
several versions of a software component that correspond
to the same specifications, but differ in implementations.
The software architecture should provide for a mechanism
for forming the overall result of the operation of this
software component based on the results of the work of
each individual version. In [8], two main methods of
building architecture when using multiversion develop-
ment are given, which are abbreviated as NVP and RB.

298



HquopMamuKa, eblHuUcCIUmMeNlbHdasl mexnuKka u ynpaejienue

When building a multiversion component from K versions
by the multiversion programming method (NVP,
N-version programming) for any K, the reliability
is equal to:

K
=-TTa-pp |,

keZ[j

R; = p;

where p"; — probability of failure of the voting algorithm
for component i at level j, Z; — many versions of this
component, and pki,- is probability of failure of version
keZ,;.

When building a multiversion component from K ver-
sions using the recovery block (RB, recovery block)
method, the reliability is:

K
R;= Zp,k,p,,TH((l pippi” + py=pi"),

kEZ,-j

where p?” ; — the probability of failure-free operation of
the acceptance test for component 7 at level j, pki,- is prob-
ability of failure of version k€Z;.
The last two formulas can be used to calculate the
probabilities of failure of software components:
PF; =1-R;.

Hardware reliability. To increase the reliability of
the hardware part of the complex, it is also necessary to
use redundancy and reservation, which includes multi-
processing and the provision of different buses and inde-
pendent RAM.

Each processor and bus fail at some random points in
time, after which they begin to recover. Let us assume
that the flows of failures and recoveries are the simplest.
The bus failure rate is denoted as v, the bus recovery rate
is Ho. The rate of processor failure streams is denoted
by v;, and the rate of recovery of processors of the i type
is .

Probability Pjy;i,. v finding the system in a state in
which j, mmH uHTepdeiica uCIpaBHBI U yYacTBYIOT B BbI-
YHCITUTENILHOM IpoLecce, a (Mg — jo) HEUCIPaBHBI H BOC-
craHaBnuBatorcs interface buses are in good working
order and participate in the computational process, and
(mgy — jo) are faulty and are being recovered, j; type 1
processors are operational and participate in the computa-
tional process, and (m; — j;) faulty and are recovering, ...,
Jn processors of N type are proper and participate in the
computational process, and (my — jy) are faulty and are
recovered, is determined by the following formula [9; 10]:

N
k! ml

PjOlesﬂ ~:iN N

N
where k= Zml. , and the summation in the denominator
i=0
is carried out over all possible values of the indices
Jos---yn (this will be implied in all subsequent similar
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formulas). In addition, the

is used:

following designation

Vi

pi=—.
H;

The formula for the probabilities of states in a station-
ary mode can be simplified. First, we can shorten £! in the
numerator and denominator, and also combine the works
in the numerator and denominator:

N

mi! Ji
Hon

i=0 ]1)']1' l

ZH

l
Jos-oJn =0 m ]z)']z'

Jodrse JN

Now let's rewrite the denominator so that first the
summation is performed, and then the multiplication:

PjOJjI:' . ~:jN

Each of the sums in the denominator is now the multi-
plication of the binomial coefficient and the correspond-
ing power of a fixed value, and therefore can be simpli-
fied using the Newton binomial formula as follows [11]:

Thus, we finally obtain the following expression for
the probabilities of the hardware states in the steady state:

Lo

Simplified formulas contain fewer values than the
original ones, and, therefore, allow to avoid performing
some unnecessary operations (for example, multiplying
both the numerator and the denominator by k!, which ob-
viously does not affect the value of the expression) and
require significantly fewer operations to calculate the
value of the denominator than the original formulas given
in [9; 10].

Knowing the minimum hardware configuration re-
quired for the real-time system software to generate con-
trol action within the intervals required by the customer,
the reliability of the hardware can be calculated. Indeed, if
the number of trouble-free operating memory buses and
processors exceeds the minimum required, then “redun-
dant” software components can be considered as a re-
serve. Then the reliability of the hardware of the real-time
control system, understood as the probability of ensuring
the minimum required performance of the hardware, can
be calculated as the sum of the probabilities of finding the
hardware in states in which the number of trouble-free
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operating memory buses and processors exceeds the
minimum required number:

Gop= 2

My<josmyg

>

JosJ1r-JN

My <jy<my

where M, is the minimum number of proper memory
buses required to ensure a given performance, M; is the
minimum number of serviceable processors of the i type
required to ensure the specified performance.

The formula for G, involves calculating the probabili-
ties of different states of hardware with different values of
the indices jy, ji, ..., jy. In this case, it is not advisable to
repeat the calculations that have already been performed.
For example, the denominator of all formulas has the
same value, and, therefore, it is sufficient to calculate it
once.

In addition, since it is required to compute states with
sequential values of the indices, one can use the following
recurrent formulas for the degrees and binomial coeffi-
cients, following from the definitions of the degree and
factorial:
pi " =plp; .
m,! B ml m—
(m, —j, =D +1)! (m,—Jj;)Yid i +1

These ratios allow to calculate the probabilities for
states with sequential index values with a minimum num-
ber of additional operations:

m; — j.
Jos - JitLe oy Jos++Jise N Ji+1 P

From this ratio, elementary transformations can be
used to obtain the formula for "decreasing the index":

Ji+1
P. . . =P, . ) S,
Jorsdiseedn = JomJit iy (m - j)p”

Ji
Since the simplest form of the formula for the prob-
abilities of states is taken in cases when all buses and
processors are in proper order, or when all of them are in
bad order, it is advisable to start calculating G, with the
probability of a state in which all buses of the RAM and
processors are working correctly:

— i=0

1
Pmo,ml,...,mN N -
(pi +1) '

-0

1

and then, using the "decreasing indices" formulas, se-
quentially calculate the remaining required state prob-
abilities.

Another opportunity for improvement opens up if the
minimum configuration that provides a given perform-
ance includes fewer hardware components than half of the
components present in the system. In this case, you can
calculate the sum of the probabilities of states in which
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the performance is not sufficient to generate a control
action within the given time constraints, and then calcu-
late the required probability as the probability of the
opposite event [12]:

GCP =1- z P}Ovjla"‘le.
0<jo<M

a'ng<M N
When calculating using this formula, one should start
with the probability of a state in which all RAM buses
and processors are faulty:

1
Po,o,...,o TN

[1(p; +1)™
i=0
and then use the index increase formulas obtained above.

Reliability model of hardware and software com-
plex. Finally, using the above considerations, we can
combine software and hardware reliability models into a
general reliability model of a multiprocessor hardware-
software complex of a real-time control system with mul-
tiversion software.

Due to the abstract nature of software and the negligi-
ble probability of errors during its copying and distribu-
tion (in addition, the integrity of the software can be
checked using mechanisms such as checksums), it can be
considered that hardware and software failures occur in-
dependently.

Therefore, the probability of simultaneous failure-free
operation of the hardware-software complex is equal to
the product of the probabilities of failure-free operation of
the software and hardware [12]:

P-=G,-S.

Conclusion. Thus, we have obtained a model for cal-
culating the reliability of multiprocessor hardware and
software systems of real-time systems with heterogeneous
processors and multiversion software, using queuing the-
ory and reliability theory, which allows to consider many
architecture options in a short time and without significant
costs typical for constructing experimental samples and
reliability assessment by organizing trial operation.

The proposed mathematical model can be used to
automate the design of multiprocessor hardware and
software systems. In practice, they strive to ensure that
the projected real-time control system has the highest
possible reliability, provided that the costs of its creation
and operation do not exceed the allocated funds. Thus, we
come to the problem of conditional or multicriteria opti-
mization, in which the objective function is expressed in
terms of the probabilities of states calculated within the
framework of the proposed model. Despite the fact that
there are analytical expressions for the reliability indica-
tors of a multiprocessor hardware-software complex,
this optimization problem has a number of inconvenient
features: the variables being optimized are discrete, the
presence of a single extremum and properties convenient
for optimization (convexity) is not guaranteed, and the
volume of the search space is growing rapidly with an
increase in the number of processor types.
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When solving such optimization problems, evolution-
ary optimization methods, for example, a genetic algo-
rithm [13], a probabilistic genetic algorithm [14] or an
asymptotic probabilistic genetic algorithm [15], as well as
some other “nature-inspired” optimization methods, for
example, the particles swarm method [16]. The disadvan-
tage of evolutionary optimization methods is that they
have a large number of tunable parameters that can sig-
nificantly affect the quality of the solutions found. More-
over, different sets of parameters can be effective for dif-
ferent optimization problems. Thus, the use of evolution-
ary optimization methods requires, as a rule, experimenta-
tion and the involvement of a specialist in the field of
evolutionary optimization methods.

In order to exclude the stage of selecting an effective
combination of parameters, self-tuning can be used [17;
18]. Self-adjusting optimization methods use several sets
of parameters, computing resources (for simplicity, we
can assume that this is the number of calculations of the
objective function) which are distributed depending on
the quality of the solutions obtained with their help. At
the beginning of the optimization process, all parameter
sets receive the same resources. Then the sets of parame-
ters that generate the best solutions receive additional
computing resources due to those that perform worse.
There is a certain lower bound for the allocated resources,
this is done so that any set of parameters can manifest
itself in the future when conditions change, since different
stages of optimization may require different values of
parameters.

The study of the effectiveness of these optimization
methods in solving the problem of optimizing the reliabil-
ity of multiprocessor hardware and software complexes of
real-time control systems with multiversion software and
dissimilar processors is a possible direction for further
research.
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The plane problem for elasticity equations is well studied. It can be explained by its importance for applications and
by the fact that the equations can be reduced to the Cauchy-Riemann system. In spite of this importance, exact solutions
that would describe the stress-strain state of bodies of finite dimensions are not numerous. Conservation laws for
differential equations have been appeared more than a hundred years ago, but, as a rule, they were not used to solve
specific problems, but were of purely academic interest. The situation changed with the development of the technique of
construction of conservation laws for arbitrary systems of differential equations, and then with the use of conservation
laws to solve boundary value problems of the theory of plasticity and elastic-plasticity. In this article, new conservation
laws are constructed for the equations of the plane theory of elasticity in the stationary case. These laws form an infi-
nite series, which is closely related to the elasticity equations solving. This fact made possible to reduce solving of
boundary value problems, in terms of displacements, to the calculation of contour integrals along the boundary of a
domain bounded by the studying elastic body. As it follows from the proposed technique, the studied area can be
multiply connected, and the considered boundary can be piecewise-smooth.

Keywords: conservation laws, boundary value problem, elasticity equations.

PEIIEHUE KPAEBBIX 3AJIAY YPABHEHHMM JIBYMEPHOI TEOPUM YIIPYTOCTH
C MIOMOINBIO 3AKOHOB COXPAHEHUSA

B. JI. Annnn', C. W. Cenamos®’, O. B. TomonoBa®

'UncturyT rugpoaunamuky uMern M. A. Jlappentsera CO PAH
Poccuiickas ®eneparst, 630090, r. HoBocubupck, npoct. Akanemuka JlaBpeaTseBa, 15
*CHOMpCKHiT rOCY1apCTBEHHBINH YHUBEPCHTET HAYKH M TEXHOJIOTHIT UIMEHH aKkajeMuka M. @. PeurerHena
Poccuiickas ®enepammst, 660037, r. KpacHospck, mpocn. uM. ra3. «KpacHospckuii pabounit», 31
"E-mail: sen@sibsau.ru

IInockas 3a0aya 0na ypasnenuil ynpy2ocmu 00CMamo4Ho Xopoulo usyueHda. Imo 00wbACHAEMCA ee 8aA*CHOCbIO Ois
NPUNIONCEHUTL U meM, YMOo ypasHenust ceooamces Kk cucmeme Kowwu — Pumana. Hecmomps na smo, mounvix peuienuil,
Komopvle ONucbléaiu Obl HANPINCEHHO-O0eBOPMUPOBAHHOE COCMOsHUE Mel KOHEUHbIX pPAZMEpPo8, He MaK MHOZ20.
3axonvl coxpanenust 0ns OupepenyuanbHblx ypasHeHull NosSUIUCs Oojiee cma jem Ha3ao, HO, KaK Npasuio, OHU He
UCNONB308AUCH OJIsL PEUUEeHUs. KOHKPEMHbIX 3a0ad, a NPeoCmasisiiu «Hucmo akademuveckuily unmepec. Cumyayus
UBMEHUNACH C PA36UMUEM MEXHUKU NOCMPOEHUsL 3AKOHO08 COXPAHEHUN O/ NPOU3BOIbHbIX CUCmeM OughepeHyuaibHbLx
VPasHeHull, a 3amem — ¢ UCNOTIb308AHUEM 3AKOHO8 COXPAHEHUs OISl PeueHUsl Kpaesblx 3a0ay meopuu niacmudHOCmu
u ynpyeo-niacmuyHocmu. B smotl cmambe nocmpoensl Hogble 3aKOHbl COXPAHEHUsl OJisl YPAGHEHUL NIOCKOU Mmeopuu
VApY2OCmU 68 CMAYUOHAPHOM Cyyae. Dmu 3aKOHbL 00pa3yiom GECKOHEUHYI0 Cepulo, KOMopasi MeCHO C653aHA C peule-
HUSIMU ypasHenutl ynpyzocmu. MUmenno smom (haxm no3eonun ceecmu peuieHue Kpaesblx 3a0a4 6 mepmMuHax nepeme-
WeHUll K GbIMUCTICHUIO KOHMYPHBIX UHMEZPAN08 NO 2panuye 001ACmu, O0ZPAHUYEHHOU U3YYAeMbIM YNPY2UM MENOM.
U3 dannoii memoouxu ciedyem, 4mo 061acms MOKHcem ObiMb MHO20CEA3HOU, A 2PAHUYA — KYCOYHO-2TIAOKOU.

Kniouegvie cnosa: sakonvl coxpanenusl, kpaesas 3a0a4a, ypagHeHust ynpy2ocmu.
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Introduction. Usually, the equations of two-
dimensional static elasticity are solved using the complex
variable theory methods. These methods were developed
by G. V. Kolosov and N. I. Muskhelishvili. The use of
complex variable theory methods for solving elasticity
problems requires a good knowledge of the complex vari-
able theory technique and, as a rule, is used for areas fac-
eted with smooth contours [1; 2]. This article proposes a
method for solving the same problems using conservation
laws. Apparently, for the first-time conservation laws for
elasticity equations were calculated in [3; 4]. These calcu-
lations were based on the theorem of E. Noether. The
found laws did not find any practical application and were
of purely academic interest [5]. In [6—10] it is shown that
conservation laws can be successfully used in solving
boundary value problems of the theory of plasticity and
elastic-plasticity. G.P. Cherepanov [11; 12] noticed that
the complex variable theory methods used in solving
plane problems actually go back to conservation laws. In
the presented work, an endless series of new conservation
laws was found. These conservation laws made it possible
to obtain formulas with the help of which one can effec-
tively reduce the boundary value problems to quadratures.
The latter are curvilinear integrals over a closed contour
and can be easily solved numerically for given boundary
conditions in displacements.

1. Formulation of the problem. Consider the
equations of two-dimensional elasticity in the stationary
case

F=M+2wu, + (A +pv,, +pu, =0,

Fy= (et 20w, + (b iy, + v, =0, (1)

where A, p are constants called Lamé parameters, u, v are
components of the deformation vector, the indices below
indicate the derivatives with respect to the corresponding
components.

Let us find conservation laws of a special form for (1).
The conservation law for the system of equations (1) is an
expression of the form

A%, 2, u, )+ B, (%, v u, V) =0 F+ 07 Fy, (2)

where ®; some functions of x, y, which are simultane-
ously not identically equal to zero. The magnitudes 4, B
will be called the components of the conserved current.
We are looking for the components of the conserved cur-
rent in the form:

A=ao' (A + 2w, + Bluy +y1uvx + 81vy,
B= oc2u)C + Bzuy +y2vx + 82vy, 3)

where 7', 8" are some functions depended on x, y only.

Substitute expressions (3) into (2). As a result, one can
obtain a polynomial of the first degree in the variables

Ups Uyyy Uy Uy, Uy Viy Vs Vi, Vo, V). Equating the
coefficients at the derivatives in this polynomial to zero

and taking into account that o', p’,y’, 8 are functions

only from x, y, one can get after exclusion o,i=12

304

B? =pa',

8 =(A+2w)y,

(L +2w0) +a; =0,y +7; =0,
B, +PB; =0, 8, +8 =0.

o’ =B+ +pyy',

v ==8'+(L+p)a’,
4

This implies:
O+ 20, =B, + (L +pyy, =0,

1 1 1 (5)
Hy, =8, +(A+pa, =

Bl +pol, =0, (A+2u)y, +8, =0. (6)

Substituting (6) into (5) one can obtain

(h+2wo, + (A + )yl +pal, =0, -
(o 20)7 3+ ()0t + iy, =0,

It is obvious that (7), up to notation, coincides with
system (1). Therefore, o', y' is an arbitrary smooth solu-
tion to the system of equations (1). From (3) taking into
account (4), one obtains the conserved current

A=a'(L+ 2p)(u, +v,)+ ylp.(vx -u,),
! ®)
B=1 (h+20)(u, +v,) +o'u(v, —u,),
where o', y' is arbitrary solution of the system of equa-
tions (1).
2. Construction of solutions to the boundary value
problem. It is known that

M:Gl —4(11 )(XGI +yG2 +G0)x =
-V

= G'—o(xG' +yG* +G°), 9)
v=G" - o(xG' +yG* +G"),,

is the solution to the system of equations (1). Here G’ are
arbitrary harmonic functions, v is Poisson's ratio, which
can be expressed through the Lamé parameters.

From (9) one gets

u,+v, =(G,+G)(1-0/2),
' (10)
—u, +V, :—G;, +G2.
Let x,, y, be an arbitrary point of a domain €2 with
Let us

Glzln((x—x0)2+(y—y0)) Inr?, G*=0. Then one

a  smooth  boundary T. assume

obtains

v, =270y gy =222
’ r r
From (2), by Green's formula, follows
H(A + B, )dxdy = 36 Ady + Bdx =
(j) ( K+2u u, +vy)+yu(vx—uy))dy+ (12)

I
+(y1 k+2p U, +v >+oc u(v —u ))dx 0.
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Now let the contour I'; consist of two contours: I' and
a circle of radius €: (x—xo)2 +(y —yo)2 =g,

Assuming in (12) instead of I" the contour I'l and tak-
ing into account relation (11), one can obtain

Y=
gS ( o0 2 jdy—i—

I

((mzp) p 0)+0L},L(v —u )]dx= (13)

:cﬁ + 4) =0.

2_2
r(x= Xo) +(y=y39)"=¢

Let's represent the equation of a circle in parametric
form:

X—X,=€c0osQ, y—y,=¢esin@, 0<@<2m.

Then the last of the integrals in formula (13) will be
written as follows:

(x=x0) +(y-yp)* =¢?

2n

- I—(ql(x+2u)2m005(p_yluzsin(p)cosq)d(er (14)
0

+ (yl (A +2w)2coso+ a'p2sin q))sin odo =

=2na' (x, 3, ) (- (A +2p) .

In formula (14), the mean value theorem was used.
Finally, from (13) one obtains

-1
2n(p—(k+2u)(x)(]£}_
—[(11(7\.+2M)2(0( J Zyu(y yoDdy+
r? r (15)

o) aofzz

=a' (X, ¥p)-

now in

Assuming equations

(10)
G =In((x=x,)" +(y =) )—lnr G'=0. In this
case, similar reasoning and calculations give a formula
for "/l(xod’o)

One obtains

-1
_— X
2n(u+ (A +2p)®
x(j.)( 7»+2p Zm(y y0j+2yu( de+
T r r’ (16)
+(y A+2p) 20) S y°j+2au[ _xoj]dxz
r r
:Yl(xoayo)'

Formulas (15), (16) make it possible to calculate
a',y' at any point (x9,¥) 1in the area if the values of
these functions are known on the boundary of I'. And

since o', y' are a solution to equations (1), one can ob-

tain a method for constructing solutions to system (1)
according to their boundary conditions. Namely, let
the following boundary value problem be set: there is an
area () with a boundary I'. On T', the components of the
displacement vector are given

ulp=uy(x,), vIp=vy(x,»). (17)
Then, based on formulas (15), (16), the solution to

problem (17) for the system of equations (1) can be writ-
ten in the form

——135_
2n(u - (A +2p)o 5.

—(uo(k+2p)2w( j 2v0p(yry°Ddy+
+(v0(x+2u)2m( j 2u0u(yry0j]dx_

=Uy (xo’ J’o)-
-1
—X
2n(u+ (A +2p)®

x (ﬁ(uo (0 + 2@&»(%} Zvou(x

r

-X,
2 j}dy+
"‘(Vo (h+ 2u)20)(y ;2)’0 j + 2u0u(x —2x0 jjdx =
=% (xo, J’O)-

Conclusion. In the article, conservation laws that de-
pend on derivatives of the first order and linear on them
are found. It is shown that two coefficients at the deriva-
tives are solutions of the elasticity equations in the plane
case. This made it possible to reduce the solution of
boundary value problems in displacements to the calcula-
tion of contour integrals along the boundary of the area.
The proposed technique can be easily generalized to mul-
tiply — connected domains [13-15], as well as to the
three-dimensional case.

(18)

(19)
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INTERPRETATION OF ANT ALGORITHM FOR SOLVING THE PROBLEM
OF THE TECHNICAL IMPACT PROGRAM CALENDAR PLANNING

A. S. Lifar’

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
E-mail: Alifarl5@mail.ru

Many strategically important sectors of the domestic industry are at the stage of transition to an investment ap-
proach to asset management. One of these industries is hydropower, where the current maintenance planning system
needs new methods to deliver more efficient results. In general, the planning system for the main equipment (technical
impact system) maintenance and repair can be formulated as a scheduling problem. The ant algorithm is of great inter-
est from the point of view of solving the scheduling technical impact problem. Based on the specifics of planning, im-
plementation and factors affecting the maintenance process, a modification of the ant algorithm is proposed. The
mathematical description is a methodology for calculating parameters, basic elements of the graph, optimization crite-
ria and constraints. A preparatory stage was also introduced into the solution algorithm, which determines the initial
state of the equipment at the vertex K, The functional model of the technical impact planning process presented in the
article can be used to develop a software package within the framework of an innovative approach to asset manage-
ment for hydropower companies.

Keywords: technical impact system, ant algorithm, scheduling.

HUHTEPIIPETALIUA MYPABBUHOI'O AJITOPUTMA /UISAA PEHIEHUA 3AJAYA KAJTEHJAPHOI'O
IJIAHUPOBAHMS ITPOT'PAMMBI TEXHUYECKOI'O BO3JIEVCTBUS

A. C. Jludaps

Cubupckuil rocy1apCcTBEHHBIH a9POKOCMUYECKUI YHUBEPCUTET UMEHH akajiemuka M. @. Pemernesa
Poccuiickas @enepanus, 660037, r. KpacHosipck, npoctt. uM. ra3. «KpacHosipckuit pabounii», 31
E-mail: Alifarl5@mail.ru

Mnozcue cmpamezuiecku 3HauuUMble OMPACIU OMEYECHEEHHOU RPOMBIULIEHHOCHU HAXO0O0SINCSL HA 9Mane nepexood K
UHBECMUYUOHHOMY NOOX00Y K ynpasienuto akmueamu. OOHOU U3 MAKux ompacieil A61semcst 2u0POIHeP2emuKa, 20e Ha
MEKYWUil MOMEHM CUCTEMA NIAHUPOGAHUSL MEXHUYECKO20 OOCIYICUBAHUSL U PEMOHMA HYICOAIOMCS 8 NPUMEHEeHUU
HOBbIX Memo0os, oalouux bonee spexmusnvle pezyrbmamol. B obwem sude cucmema niaHUpoBaHusi MEXHUYECKO20
00OCTYICUBAHUSI U PEMOHMA OCHOBHO20 000PYO06aAHUS (CUCMEMA MEXHUYECKO20 8030€eliCEUsL) Modicem Oblmb chopmy-
JIUPOBAHA 8 8UOE 3a0ayU KALEHOAPHO20 NIAHUPOsanust. Bonbuloll unmepec ¢ mouku 3penus pewenus 3a0a4u KaieHoap-
HO20 NIAHUPOBAHUS MEXHUYECKO20 6030elicmeusi npedcmasisiem mypasvunwlti areopumm. Ha ocnose cneyuguru
NAAHUPOBAHUS, Pedanu3ayuy U GaKmopos, GIUAIOWUX HA NPOYECC MEeXHUYECKO20 0DCIYHCUBAHUS, NPeONIoNHCEHa MOOU-
Quxayua mypasvunozo ancopumma. Mamemamuueckoe onucanue npedcmasisiem codol MemoouKy pacvema napa-
Mempos, OCHOBHBIX IIEMEHMO8 cpagda, Kpumepues ONMUMU3AYUU U OopanudeHull. B ancopumm pewenus makdice
ObLL 88e0€H NO020MOBUMETIbHBILL IMAN, KOMOPbIL onpedeliiem HA4aibHoe cOCmosiHue 000pydosanue 8 eepuiute K
DYHKYUOHATbHASL MOOEb NPOYECCA NAAHUPOBAHUSL EXHUYECKO20 8030eliCmEUsl, NPeOCMAGIeHHAsl 8 CIANmbe, MOJCem
ObIMb UCNONBL308AHA ONISL PA3PAOOMKU NPOSPAMMHO20 KOMIIEKCA 8 PAMKAX UHHOBAYUOHHO20 NOOX00d YNpAGLeHus.
AKMUBAMU 2UOPOIHEPLEMUUECKUX KOMIAHUIL.

Kuiouesvle crosa: cucmema mexHu1ecko2o 8030€icmesl, MypagbUuHblil dI20PUMM, KAleHOAPHOe NIAHUPOBAHIUE.
Problem statement. General formulation of the prob-  sets, which entails a transition to an investment approach

lem. Many strategically important sectors of the domestic ~ to asset management [1]. First of all, this approach is fo-
industry are at the stage of technical renewal of fixed as-  cused on improving the accuracy of assessing the techni-
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cal condition of equipment, but it does not exclude the
development of effective planning systems for technical
impact — maintenance and repair of main equipment
(hereinafter — MRO).

One of these industries is hydropower, where an index
system for assessing the state of the main hydropower
equipment has been developed and adopted at the mo-
ment [2-4]. At the same time, the MRO planning system
remains at the level of regulatory management, that is,
scheduled preventive maintenance with a fixed overhaul
interval.

Thus, the existing principles of the formation of a
MRO planning system based on data on the average oper-
ating time in hours for one calendar year, the standard
turnaround time between overhauls and the calendar dura-
tion of the repair cycle [5; 6], are insufficient and require
the use of new methods that provide more efficient re-
sults.

Problem research statement. The features of MRO
planning in hydropower include:

— equipment repair planning should include the de-
velopment of long-term (from 5 years), annual and
monthly plans for the main equipment repair;

— the system of maintenance and repair should pro-
vide for three stages of equipment functioning: the stage
of maintaining the operable state (maintenance), the stage
of scheduled maintenance and the stage of scheduled
overhaul;

— high requirements for the regulation of repair work
and terms, including due to the coordination of plans for
repair work with SO UES JSC and its branches [7; 8];

— accounting of all operation resources, including
material, labour and financial;

— ensuring effective planning of repair works, on the
one hand, for obsolete hydropower equipment in opera-
tion, on the other hand, for newly commissioned hydrau-
lic units.

In general, the system for planning maintenance and
repair of the main equipment of hydroelectric power
plants is reduced to solving the problem of scheduling
repairs of technological equipment of an enterprise.
At present, the problem is fairly well-known, and differ-
ent methods are used to solve it: mathematical program-
ming, combinatorial methods, statistical and heuristic
methods [9].

In this work, it was necessary to investigate the possi-
bility of adapting the ant algorithm method to automate
MRO planning taking into account the specifics of the
hydropower industry and to develop a functional model of
the planning process, including the principles of an in-
vestment approach to asset management and automation
of the MRO planning system.

Mathematical model. Mathematical model. Let us
formulate the mathematical problem setting of scheduling
maintenance and repairs for the main equipment of hy-
droelectric power plants (hereinafter referred to as HPPs).

In general, the ant colony optimization algorithm (ant
colony optimization, ACO) is a heuristic that uses the
idea of agents imitating the real behaviour of ants. Ants
solve the problem of finding pathways to food with the
help of chemical regulation — pheromones, which they
leave in the path of movement. The more ants have

308

passed along one path, the more pheromone, the sooner
the ant will prefer this path to others.

An analysis of the literature [9—-15] devoted to meth-
ods for solving the scheduling problem allowed us to con-
clude that the ant algorithm is the most optimal, since it:

— is quite effective with a small number of nodes;

— less susceptible to suboptimal initial decisions;

— allows you to analyze permutations of the same
tasks within the same process.

In the context of the considered task of adapting the
ant algorithm, the following parameters were determined,
on which the quality of the solution depends:

1. The p coefficient affects the volatility of the
pheromone. The coefficient takes values from 0 (no
evaporation) to 1 (evaporates to the minimum level).

2. Coefficients o and B affect the operation of the al-
gorithm, where o is the dependence on the level of
pheramone, B is the dependence on the “quality” of the
arc (weight of the arc), while: if a > f, then the frequency
of use has a greater influence on the ant's choice of path;
if a < B, then the quality of the next step (arc weight) has
the greatest influence; if a = B, there is a balanced rela-
tionship between the quality of the track and the degree of
its operation; if o = 0, then there is a heuristic based only
on the quality of passage between successive points (ig-
norance of the pheromone level on the path); if B = 0, then
there is a heuristic based only on the amount of phero-
mone (this is the path attendance factor); if o = = 0, then
the decision is made uniformly and regardless of the
amount of pheromone or the quality of the next step [10].

Thus, having specified the amount of pheromone (1)
and the weight of the arc (V) for the k-th arc, the probabil-
ity of transition along the arc k takes the form:

T Vi
S(n)

where i-th step, i = 1,2,3,...K.

According to [5], the objects of repair at hydroelectric
power plants can be: equipment (hydraulic turbine, hy-
drogenerator, transformer, pump, electric motor, diesel,
valve, device, etc.); installations (hydro-turbine, hydro-
generator, transformer). However, the concept of invest-
ment asset management singles out a hydraulic unit as a
piece of equipment as a key object of management. Let us
introduce a description of the set of hydroelectric units at
hydroelectric power plants:

G=1{G,c=lc,

where is the G. — th hydroelectric unit at the HPP, c is the
number of hydroelectric units.

The planning period is on average 1, 5 or 10 years and
will take the form:

Pk:

te{lT},

where T is the duration of the planning period. Let us as-
sume that the minimum planning step is one year.

As noted earlier, the main equipment of a hydroelec-
tric power station can be in three states: under mainte-
nance (MOT), under current repair (CR) or under over-
haul (TO); therefore, the vertex of the graph (K) will be
characterized by one of three states (fig. 1).
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The weight of the arc is determined by the aggregate
indicator of the hydraulic unit, which characterizes the
condition of the equipment when passing the peak K+1:

Vi = (A1K+1 )B >

where Al is the cumulative indicator of the c-th hydraulic
unit at the current step.

K>(MOT)

Ko(MOT))

1 year

I
IA
w

2 years

\ 4

Fig. 1. Solution search graph example

Puc. 1. IIpumep rpada noucka perreHus

The aggregate indicator of the hydraulic unit is deter-
mined by the product of functional indicators characteriz-
ing different aspects of the repair process (see table),
taking into account the weight determined by the method
of expert assessments.

AL =Wy (RR-RPN)*Woyy (2, + 2, ),

where W, is the weight of the functional indicator.

Based on the possible directions of the company's
technical policy, the following optimization criteria can
be used to solve the scheduling problem. The first optimi-
zation criterion will be to minimize economic indicators
along the way:

N
DI =) D3I, — min.
k=1
The second optimization criterion will be the
achievement of the maximum technical indicators of the
hydroelectric unit of the HPP:

N
TII=) TII, — max.
k=1

In the classical model, after the ant successfully passes
the route, it leaves a trace on all the traversed edges,
which is inversely proportional to the length of the trav-
ersed path; in our implementation, the pheromone value
will increase by the specified values in two cases — if the
ant has chosen a composition that satisfies the constraints
(for example, when optimizing in terms of economic indi-
cators — restrictions on the minimum permissible residual
resource) and in the case when the composition replaces
the optimal solution. This change was made for reasons
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of the same number of edges passed by all ants (by the
number of modules, each arc is a specific combination of
versions in the module) and the absence of the length in-
dicator, which was replaced by the weight indicator.
Thus, the restrictions are:

— the minimum admissible residual resource at the fi-
nal vertex of the graph (K + n)

RR.,, > RR

min ?

— the maximum allowable total cost of repair work

N

D3I, <OI,,, -

k=1

A preparatory stage was also introduced into the solu-
tion algorithm, which determines the initial state of the
equipment at the vertex K, and is calculated based on the
technical state index [2]:
Y (B-UTS))

2

where ITS; is the index of the technical condition of the i-
th functional unit included in the hydraulic unit; P; is the
reduction index (for hydro turbines / hydro generators —
active electric power).

Functional model. To improve the efficiency of
MRO planning processes, it is necessary to solve the
problem of their automation and develop a program that
takes into account the parameters, criteria and limitations.
Its functionality should provide input of initial data
(technical and financial indicators), modelling of the
process of repair maintenance of both one unit and a
group of units, the possibility of making changes to the
original model for carrying out simulation experiments
and the availability of tools for analysing and evaluating
the obtained experimental results. The functional diagram
of the system for planning maintenance and repairs is
shown in fig. 2.

It is important to note that the first stage of optimiza-
tion is implemented for each hydroelectric unit separately,
with the determination of the sequence of performing
types of repairs by year, along the entire planning
corridor.

The second stage involves the construction of an ag-
gregate MRO schedule for hydroelectric units (on aver-
age, about 12 hydroelectric units operate at HPPs), broken
down by months and taking into account the flood and
peak periods of operation of hydraulic units.

The parameters of the technical condition of the
equipment, selected for the assessment of the technical
condition, enter the unit for assessing the technical condi-
tion, where they are mathematically processed in accor-
dance with [2—4]. The results obtained in the form of an
index of technical condition make it possible to determine
the starting points of the graph for each hydraulic unit.

The modelling block includes a method for calculating
the weight of graph links and a system of constraints. The
result of modelling is a graph, where the vertices are the
state of the equipment (the type of technical impact on it),
and the links are characterized by the aggregate indicator
of the hydraulic unit.

UTS,; =

B
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Fig. 2. Functional diagram of the system for maintenance and repairs planning

Puc. 2. OyHKIHOHANBHAS CXEMA CHCTEMBI ITAHUPOBAHHS TEXHUUECKOTO 0OCITYKUBaHUS 1 PEMOHTOB



HquopMamuKa, eblHuUcCIUmMeNlbHdasl mexnuKka u ynpaejienue

Repair process indicators

Functional Private functional Unit of Symbol Calculation formula
indicators indicators measurement
Technical indicators | Residual resource RR The sum of the residual life of the main units of the
(TT) hydroelectric unit after repair (maintenance) at the
top K+1
Criticality index RPN RPN = SOD, where

S is the severity of the consequences of failure of a
piece of equipment,

O is the probability of equipment failure within a cer-
tain period of time,

D is the probability that the failure will not be detected
before the manifestation of its consequences [16].

Economic indicators | Regulatory repair Thousand rub. Z, The amount of expenses for the implementation of
(ED (maintenance) costs repair work
Lost profit Thousand rub. Zy, Number of days of equipment downtime due to repair
* Amount of funds not received due to insufficient sup-
ply of electricity per day
Type of technical impact PERIODS
2021 2022 2023 2024 2025
Maintenance (MOT)
Current repair (CR)
Thorough overhaul (TO)
Fig. 3. Gantt chart by type of technical impact
Puc. 3. I'pa¢uk ['anTa o BUgaM TEXHUIECKOTO BO3ICHCTBHUS
Type of technical impact PERIODS
2021 2022 2023 2024 2025
Maintenance (MOT)
Current repair (CR)
Thorough overhaul (TO)

Fig. 4. Planned schedule by type of technical impact

Puc. 4. I1nanoBsIi rpaduk Mo BUAaM TEXHUICCKOTO BO3ICHCTBHUS

In accordance with the technical policy adopted in the
company (ensuring maximum technical performance of
equipment or minimizing the cost of the equipment life
cycle), the necessary option is selected, which is the most
optimal, taking into account all the conditions and criteria.
Based on the results of optimization calculations, which
are based on the ant algorithm, an aggregate maintenance
schedule is formed, containing the terms and types of
technical impacts for all hydraulic units for any planning
period.

Experimental research. The software implementa-
tion of the method was used when planning the repair
cycle for the period from 2021 to 2025 for the hydroelec-
tric unit of the station, which is part of the largest Russian
private energy company, JSC EuroSibEnergo.

The following indicators were used as input parame-
ters: a list of possible links in the graph (possible transi-
tions from one state of an object to another); link weight,
which is calculated from such equipment parameters as
the cost of repairs, lost profit due to equipment downtime,
equipment criticality index and residual resource.

It is important to note that the criterion was the mini-
mization of economic indicators, while the limitation is
the minimum allowable residual resource at the final ver-
tex of the graph.

The output data is a five-year technical impact pro-
gram, presented in the form of a Gantt chart (by type of
technical impact) (fig. 3).

In comparison with the planned repair work schedule
adopted at the hydroelectric power station (fig. 4), the
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technical impact program, obtained on the basis of the
ant algorithm, provided a reduction in the total economic
indicators (the cost of repair work and lost profits due
to equipment downtime) by 5 %. Saving for the group of
costs for repair work amounted to 1,175.8 thousand rubles
subject to condition RR2025 > 0.9.

Conclusion. The ant algorithm makes it possible
to successfully solve scheduling problems, including
planning a maintenance and repair program for the main
hydropower equipment. The article formulates a mathe-
matical statement of the problem of scheduling repairs
and a functional model of the process of planning mainte-
nance and repair. The results presented in the article can
be used to develop a software package as part of an inno-
vative approach to asset management for hydropower
companies.
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The most common indicator of the aluminium production process managing efficiency is the cost of the metal pro-
duction, but this concept includes a lot of components. First, this is the cost of raw materials and electricity in this re-
gion, as well as the labour cost per ton of products, consumption coefficients of raw materials and energy, capital costs
for construction and repairs, waste disposal cost, environmental payments, etc. At the same time, there is no single
functional of the process quality, depending on technological parameters, that is, the problem of complete and rela-
tively strict mathematical process optimization as a whole is currently not solvable, not only because of its volume, but
because of the lack of a complete efficiency model. In this study, particular efficiency criteria are considered, the im-
provement of which is aimed at the optimization model of control actions developed by the authors, which are selected
based on the possible levers of the current automated process control system (APCS) for aluminium electrolysis. All
tests were carried out on Virtual cell software without transfer to a real control object.

Keyword: aluminium production, process parameter optimization, automated process control system (APCS),
Virtual cell.
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Haubonee obwum noxasamenem s¢p@pexmusHocmu ynpagnenus npoyeccom NOLYHeHUs. amoMUHUs A61semcs cebe-
CMOUMOCHb NPOU3BEOEHHO20 MEMALId, HO MO NOHAMUE 6KII04aem 8 cebs MHo20 cocmasnsiowux. Ipesxcoe 6ce2o amo
CMOUMOCMb CbIPbSL U INEKMPOIHEP2UU 8 OAHHOM Pecuone, a MmaKice CIoumMocms mpyoo3ampam Ha MOHHY NPOOYKYuU,
PAcxo0Hble Ko puyuenmsl colpbs U 3Hepeul, Kanumaibhvle 3ampamsl Had CIMPOUMENbCMBO U PEMOHM, CHMOUMOCHb
VMUIU3AYUY 0mxo008, dKoao2uyeckue gvinaamel u m.o. Ilpu smom omcymcmeyem eOuHwvlil (YHKYUOHAN Kayecmed
npoyecca, 3a8UcAWUL OM MEXHONI0SUYeCKUX NApamMempos, mo ecib 3a0ayd NOIHOU U OMHOCUMENTbHO CINPO2OU Mame-
MaAmuyecKkol ONMUMU3AYUY NPOYeCcca 8 Yeiom 8 Hacmosuee 8peMs NPeoCMAasIAemcs He peulaemoll He MobKo U3-3d ee
00beMHOCUL, A U3-3a OMCYMCMEUsL NOJIHOU MOOenU dh@exmusHocmu. B pamxax dannozo ucciedosanus paccmompenvl
yacmuvle Kpumepuu 3PHeKmueHOCmu, HA YIyuueHue KOMOPbIX HANPAGIEHA pA3PAOOMAaHHAs ABMOPAMU ORMUMUZAYLU-
OHHAsL MOOEb YAPABTAIOWUX B030€liCIBUL, KOMOopble 8blOPANbL UCX0O05L U3 BO3MOICHBIX PbIHa208 delicmeyloujell asmo-
MAMUu3UpoBanHol cucmemsl ynpasienuss mexronozudeckum npoyeccom (ACYTII) snexmponusza antomunus. Bee ucnoi-
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Introduction. Mathematical optimization procedures
are used in control systems to select the best one or more
actions from the range of their admissible values. The best
impacts are understood as allowing achieving the
minimum or maximum of the objective function, that is,
when choosing the best complex impact on the process, it
is necessary to consider three components:

—selection of specific impacts and restrictions on
them;

— optimization method;

— target function.

There are a huge number of optimization methods,
ranging from simple methods — brute force, coordinate
descent, passing to methods of medium complexity — gra-
dient, simplex and ending with genetic algorithms [1; 2].
It should be noted that this study does not provide an ac-
cepted scientific classification of methods, but only talks
about methods that can be applied to the current task —
optimization of control actions in the electrolytic method
of aluminium production.

The technical and economic indicators of the elec-
trolysis process efficiency are the power consumption per
ton of aluminium produced the specific consumption of
carbon and fluorides, as well as the current efficiency [3—
7]. Consumption factors are related to the current effi-
ciency — the closer the amount of actually obtained metal
to the theoretically possible, the lower the consumption of
raw materials and energy in conditions of the same design
and technology, but there may be some peculiarities, for
example, the design may have a high current efficiency
with good MHD index, but a large energy consumption
due to increased heat loss.

We can consider such goals to achieve as a given melt
temperature and cryolite ratio (CR) — an indicator of the
electrolyte chemical composition, assuming that the tech-
nological personnel have already determined the effec-
tiveness of the assigned values, and the optimization goal
can be set to reduce the CR root-mean-square deviation
(RMSD) and the electrolyte temperature from these target
values.

Based on the foregoing, groups of criteria have been
identified, according to which optimization is possible:

—RMSD of electrolyte temperature from a given tar-
get value;

— CR RMSD from a given target value;

— technological parameter target value achievement at
the end of the optimization period;

— specific energy consumption for aluminium produc-
tion minimization;

— current output maximization.

There is a division into multi-criteria and single-
criteria optimization with different methods of finding a
local or global extremum, but we will assume that the
objective function is composed in such a way that it has
one minimum or maximum and includes our requirements
for the technological process.
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Description of the optimization method. To search
for optimal influences, a gradient optimization method
was chosen — the Cauchy method [8], which is based on
the formula:

XED 20 o g0 (1

where the descent step a is a given positive parameter.
Descent direction is determined by the components of the

gradient vector V£ (x'*)) . Formula (1) assumes descent in
the case of an n-dimensional vector of actions:

x(k) :(xlk»xésxé()s (2)

where x;* — various control actions, at each descent step or
when finding a gradient. The gradient for the case of three
variables (in our case, three influences) is written as fol-
lows:

o . of of
Vi(x)=i ox, +J o, +k o, 3)

The method has two disadvantages: it becomes neces-
sary to choose a suitable descent step, and the method is
also characterized by slow convergence to the minimum
point due to the smallness of the gradient in the vicinity of
this point.

The main advantage of this method is its stability —
with a sufficiently small length of the iteration step, the

inequality 7/ (x*™) < £(x®) . There is a theorem on suf-

ficient conditions for the convergence of the method
with a constant step [9]. Taking this property into ac-
count, the Cauchy method can significantly reduce the
value of the objective function when moving from points
located at significant distances from the minimum point.

In our case, the advantage of this method prevails over
its disadvantages. The optimization model based on the
coordinate descent method was implemented earlier, the
operation of which revealed drawbacks: low search speed
and going to the local extremum, in addition, with an in-
crease in the number of impacts, the speed of work sig-
nificantly slows down, since the method goes through
steps separately for each impact, therefore the gradient
method is more appropriate.

The step was chosen experimentally according to the
sensitivity of the objective function, and a very close ap-
proach to the minimum point is not needed — the calcula-
tion accuracy should not significantly exceed the meas-
urement accuracy. Often, one descent (in the direction of
the initial gradient) is sufficient to obtain the minimum of
the objective function with sufficient accuracy.

Formula (1) assumes that the gradient can be calcu-
lated at each step of descent, but the following method is
practically implemented — the gradient is calculated on the
multidimensional initial cross of actions and then descent
is carried out in the direction of the calculated antigradi-
ent vector until the optimized technological parameter
reaches the goal, or until the RMSD of this parameter
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from the target stops decreasing. In the first case, the pro-
cedure is exited, and the optimization is considered to be
successfully completed; in the second case, at the last
point of descent, where there was a minimum RMSD, a
new cross for all influences is built and a search for a new
gradient is performed.

The control actions, on the basis of which the optimi-
zation procedure can be performed, are as follows:

— aluminium fluoride addition;

— set voltage;

— series current;

—metal level;

— electrolyte level.

The first three actions can be carried out by the auto-
mated process control system; the levels of melts are
regulated by the technological personnel on the APCS
instructions.

Virtual cell software method implementation.
Virtual cell software is a physical and mathematical
model that simulates the operation of an electrolytic cell
for the aluminium production and is designed to study the
dynamics of processes occurring in it [10-13]. This pro-
gram is intended for process support personnel in order to
assess the reaction of the reduction cell to control actions
adequately.

The developed optimization procedure implementa-
tion was carried out in Virtual cell software in order not to
harm the real control object, to evaluate all transient proc-
esses of technological parameters under complex influ-
ences and to eliminate all possible shortcomings before
the implementation of this model in APCS.

At the moment, the control system already has an
Electrolyte composition stabilization module [14; 15],
which includes optimization for controlling the cryolite
ratio (CR), but we want to expand the functionality with
additional control actions and parameters for optimiza-
tion, as well as target functions.

Let us describe the practical implementation of the
method in Virtual cell software in terms of two influences —
the addition of AlF; and the specified voltage; the calcula-
tion of the remaining effects in the software implementa-
tion is carried out similarly.

Fig. 1 shows a menu of initial conditions for the calcu-
lation which are requested from the APCS database for a
specific reduction cell. After all calculations, the recom-
mendations will also be transferred for the same reduction
cell to the upper APCS level.

In the optimization interface (fig. 2) there is a choice
between two methods — Coordinate method and Gradient
method. The electrolyte temperature was chosen as the
optimized parameter. The initial control actions values
for fluorine and voltage additions, as well as the criterion
for the completion of the optimization, are also set by the
user in the interface. In this case, the following additives
were selected: 5 kg of AlF; and 50 mV of the set voltage,
as well as the criterion for exiting the optimization —
reaching the minimum RMSD temperature from the tar-
get, respectively.

The calculation begins with the construction of a cross
(fig. 3), on the vertices of which are the selected impacts
with a given value. During the descent, the steps in the
directions will change, but the cross always counts with
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the initially specified additions. Next, the root-mean-
square deviation of the electrolyte temperature from the
target (RMSD T) is calculated at cross four points, as well
as in its middle.

Then, we calculate the gradient consisting of partial
derivatives numerically (using the finite difference
method):

DIF _ AIF, = (RMSD(T1)-RMSD(T2)) / (2- AAIF,); (4)
(%)

We check the difference of the gradient from zero
with the specified accuracy. The vector length must be
nonzero

Modgrad =\[(DIF _ AIF,)* +(DIF _U)* .

DIF _U = (RMSD(T3)-RMSD(T4))/ (2-AU).

If it is not zero, we calculate the direction of descent
to the minimum in the inner loop, otherwise, exit from
optimization. Inner loop:

AAMIFY = AAIF™ —step- DIF _ AIF; - AAIFy;  (6)

(7

AAAIF;, AAU are the steps of the internal descent, at
the first descent step they are equal to AAAIF; and AU, or
zero, then they are recalculated. Deltas of actions, found
by formulas (6)—(7), are added to the current values of
raw materials and stress addition

AIFF = AIF) + AMIF)

AAU* = AAU* —step-DIF_ U -AU .

®)

U* =U° + AAU* ©)

and we calculate RMSD T, working out these actions
during the set optimization days in Virtual cell software.
RMSD T should decrease and during the first calculation
using formulas (8) — (9) it should be less than RMSD TO.
Compare with the previous value in this inner loop, it
should be done:

RMSD(T*) < RMSD(T* ™) .

We set Step to 1 / Modgrad. Further, during debug-
ging for use in the control system algorithms, the step for
each action can be set separately.

There are two ways to exit the inner loop:

— RMSD has ceased to decrease, then we need to turn
to formulas (4) and (5) and recalculate the cross, gradient,
and start the inner cycle again, but the cross will be in a
new place, that is, in the middle of the cross, point TO is
now the initial values of AIF;’ and U° will be assigned to
the last values found by formulas (8) and (9);

— the temperature deviation from the target value is
within the specified accuracy, for example, less than 0.5
degrees, then the optimization are completed.

There should be an exit from the loop optimization
procedure: the RMSD in the middle of the last crosses are
compared, or the last three RMSD in the descent, if they
are equal, then it is necessary to exit the optimization and
stop at the last effect calculation. The looping is associ-
ated with the fact that the procedure, when choosing the
actions, reaches the imposed restrictions, for example, the
addition of aluminium fluoride cannot be less than zero,
and this is required to increase the calculated CR.

(10)
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Visualization of the optimization block in Virtual
cell software. When optimization is activated, a new
implemented method: the gradient method (fig. 4) and the
Optimization tab with two graphs become available in the
results display interface window.

The optimization progress is shown on the left
graph: the magnitudes of impacts and the achieved values
of the optimized parameter for each experiment
are displayed. On this graph, we can observe which side
the optimization is moving, calculating the impact
magnitude to achieve the target value of the optimized
parameter.

For example, according to fig. 2, the optimized
parameter was chosen: electrolyte temperature (target
952 °C), and the effects: AlF; addition and voltage
setting. In experiment No. 1 (according to fig. 4), the
impact values were as follows: AlF; addition = 35 kg and
voltage setting = 4.23 V, while the optimized parameter
(electrolyte temperature) reached 958 °C; in experiment
No. 2, the values of the actions were: AlF; addition = 35 kg
and voltage setting = 4.28 V, the optimized parameter
reached 960 °C, etc. The cross calculation ended in
experiment 5, and experiments 6 and 7 were steps towards
the descent.
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The graph is drawn and supplemented until the
optimization reaches the goal, while in the case of
gradient optimization, the goal can be achieved, for
example, in experiment No. 7, but the optimization will
continue a few more steps forward. If the optimization
indicators do not improve, all subsequent experiments
after the 7th will be removed from the graph and the
optimal values of the parameters for achieving the goal
will be seen in the last experiment No. 7.

The right graph displays the transient process of the
optimized parameter (fig. 4). The graph is redrawn for
each experiment, and at the end of the optimization, a
transient process is displayed on it, corresponding to the
experiment in which the optimization goal was achieved.
We can see in detail the value of the graph at any time
point in virtual time by hovering the mouse cursor over
the desired location.

All subsequent tests are performed under the initial
conditions indicated in fig. 5-7, the goals and optimiza-
tion parameters change. In the next test No. 2, we will
perform the optimal increase in the electrolyte tempera-

ture only due to the AlF;addition. Fig. 5 shows optimiza-
tion conditions.

In fig. 6 and 7 shows the choice of reducing the daily
AIF3 addition from 35 to 15 kg to increase the electrolyte
temperature from 956 to 962 degrees. In contrast to test
No. 1, the daily consumption and daily supplement at the
beginning of the calculation was 35 kg. On the left graph
in fig. 4, in experiments 1 and 2, the algorithm determined
where to go, and then, in 3 steps of descent, we reached
the set temperature.

Test No. 3 represents optimization with three control
actions. In fig. 8 shows the selected effects to reduce the
electrolyte temperature from 956 to 950 degrees. Unlike
test No. 1, the program here reduced the dose of alumin-
um fluoride, reduced the voltage and raised the height of
the metal by 4 cm, which can be seen in the results output
in fig. 9. In fig. 10 the first seven calculations (experi-
ments) made a three-dimensional cross, and then down to
point 11 were carried out, then the program began to build
a new cross, and at one of the new cross points it reached
the specified accuracy.
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Conclusion. In the study, the new algorithm for
calculating the complex control action by the gradient
descent method was developed, software implemented
and tested to improve the speed and accuracy of
calculations in Virtual cell software. An interface for
visualizing the operation of the optimization unit and its
settings was developed. The progress of the optimization
calculations is visible to the user, as well as the optimized
parameter behaviour.

The developed optimization model, when introduced
into the control system, will improve the control quality
of the technological process of aluminium production by
the electrolytic method, reduce the specific power con-
sumption and reduce the number of electrolysers with a
disturbed technological operation mode. The group of the
described target functions adds variability in possible
ways to optimize certain technological parameters, but for
practical use in the control system algorithms, it is more
important to achieve the target parameter and this will be
taken into account during implementation.
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EFFICIENCY IMPROVING OF EMERGENCY MONITORING AND FORECASTING BASED
ON THE INFORMATION SYSTEM

I. N. Pozharkova
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1, Severnaya St., Zheleznogorsk, 662972, Russian Federation
E-mail: pozharkova@mail.ru

The article is devoted to the automated information system modification to solve monitoring and forecasting prob-
lems of natural and man-made emergencies in order to increase the efficiency of its functioning, namely, to increase the
execution speed of the main operations, to reduce the error probability. Monitoring and forecasting of emergencies are
among the priorities in the field of population from emergencies protection, as the prevention and elimination of their
consequences are carried out on the basis of these tasks. At the same time, the data collection speed, processing and
analysis largely determine the efficiency of the obtained results. The existing system of monitoring and forecasting of
natural and man-made emergencies, its functional model in IDEF0 notation, characteristic features, advantages and
disadvantages are considered. The existing system can be improved by automating a number of tasks related to the
processing, transmission and storage of large data amounts, including real time data, as well as the generation of con-
solidated reports on the results of monitoring and forecasting of various objects. The information architecture of the
solution reviewed and the corresponding database model form the basis of the proposed solution. The IDEF0 model of
emergency monitoring and forecasting has been introduced taking into account the proposed modification of the auto-
mated information system. The main operation execution time comparative analysis based on the initial and modified
automated information system (AIS) using the existing hardware confirms the effectiveness of the proposed solution.
Data exchange and generation automation of consolidated reports on multiple monitoring objects will simplify analysis
of the obtained results and solutions development based on them aimed at prevention of natural and man-made emer-
gencies, as well as elimination of their consequences.

Keywords: automated information system (AIS), emergency monitoring and forecasting, automation, data
conversion.
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Cmamws nocesiyena mooupurkayuy agmoMamusupo8anHol UHGOPMAYUOHHOU CUCIEMbL PEUeHUs 3a0ay MOHUMO-
PUH2A U NPOZHO3UPOBAHUS YPE3BLIYAUHBIX CUMYAYULl NPUPOOHO20 U MEXHOZEHHO20 XApaKmepa ¢ Yeibio NOBbIUEHUs
apexmusnocmu ee YyHKYUOHUPOBAHUS, A UMEHHO: NOBLIUEHUS CKOPOCU GbINOTHEHUS OCHOBHBIX ONepayull, CHudlce-
HUSL 8ePOSIMHOCIU B03HUKHOGEHUSL OwUOOK. Monumopune u npocHO3UpOBanue Ype3BblyaliblX CUMyayuil AGIAI0mcs
OOHUMU U3 NPUOPUMEMHBIX HANPAGIeHUll 8 chepe obecneyenus sauumel Hacerenus om 4C, max kaxk npedomepawye-
HUe U TUKGUOAYUS UX NOCIeOCMBUL OCYUWeCMEISIOMCS HA OCHOGe peuleHusi OaHHbIX 3a0ay. Tlpu smom, ckopocmb coo-
pa, 06pabomku 1 aHAIU3A OAHHLIX 80 MHO2OM ONpedensaon IPHEeKMUBHOCIb NOLYYEHHbIX pe3yibmamos. B cmamobe
paccmampueaemcst Cywecmeyiouas CUCmema MOHUMOPUH2A U NPOSHOZUPOBAHUSL UPE36bIYAIIHBIX CUMYAYULl RPUPOOHO-
20 U MEXHO2EHHO20 Xapakmepa, ee PYHKYUOHAIbHAsL Modenb 6 nomayuu IDEF(0, xapakmephvie ocobennocmu, 00cmo-
uncmea u nedocmamiu. Ilpednazaemces cosepuiencmeosanue cucmemvl nymem dgmMoOMamu3ayuy psoa 3a0ad, Ces3aH-
HbIX ¢ 00pabomKol, nepedauell U XpaneHuem O0NbUUX 00bEMO8 OAHHBIX, NOCMYRAIOWUX, 8 MOM YUCTe, U 8 pedcume
PeanvpHo2o 8pemMenuy, a maKdice ¢ PopMupoSaHuem c0OHbIX OMYEMO8 NO Pe3yIbMamam MOHUMOPUH2A U NPOSHO3UPO-
6aHUs OISl PA3IUYHBIX 00bekmos. Paccmompena ungopmayuonnas apxumexmypa npeonasaemoz0 peuenus, coomeem-
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cmeyiowas moodens 6azel oannwix. [lpedcmasnena mooens pewienus 3a0a4 MOHUMOPUH2A U NPOSHOZUPOBAHUS UPE3Bbl-
YQUHBIX CUMYayull ¢ y4emom npeoiacaemou MoOUGUKayuu agmomamusuposantol uHGopmayuorntou cucmemsl. Ilpo-
B00UMCA CPABHUMENbHBIL AHATU3 8DEMEHU BbINOIHEHUS. OCHOBHBIX ONepayuil Ha OCHO8e UCXOOHOU U MOOUPUYUPOBAH-
Hoti AUC npu ucnonvs308anuu cyuwjecmeyowe2o annapamuo2o obecnederus, noomeepicoaruuil ¢@dexmusHocms
npeonazaemo2o peuienus. Ilpednacaemasn asmomamuszayusi 0OMeHd OAHHLIMU U 2eHePayuu CEOOHBIX OMUemos
1O MHOMCECBY 00bEeKMO8 MOHUMOPUHEA NO3GOUM YAPOCTHUMb AHAU3 NOTYYEHHBIX PE3YIbINATOS U 6bIpAOOMKY HA UX
OCHO8e pewenuil, HaNPABIEeHHbIX HA NPeOOMBPALYeHUe YPE3BLIUAIHBIX CUMYAYULl NPUPOOHO20 U MEXHO2EHHO20 XAPAaK-

mepa, a makice IUKGUOAYUIo UX NOC1e0CmaUll.

Knioueswvie crnosa: asmomamu3upoearHa Z/lHd)OpMaLﬂ/lOHHaﬂ cucmema, MOHUMOPUHS U NPOCHO3UPOBAHUE 4pe36bl-

YAUHBIX cumyauuzl, asmomamuszayusl, Koneepmayusi OQHHBIX.

Introduction. The main purpose of monitoring and
forecasting systems for emergencies is to monitor, control
and anticipate dangerous phenomena and processes that
occur in the technological sphere and nature, as well as
the dynamics of their development. Forecasting allows
preventing emergencies, determining their scale and or-
ganizing effective measures to eliminate them. In the
Russian Federation, the general procedure for the func-
tioning of the emergency monitoring and forecasting sys-
tems is determined by the Order No. 94 of the Ministry of
Civil Defence, Emergency Situations and Natural Disaster
Response of 4 March 2011 approving the Regulations on
the Functional Subsystem for Monitoring, Laboratory
Control and Forecasting of Emergencies of the Unified
State Emergency Management System [1].

Russian physical and geographical characteristics
largely determine the wide variety of emergencies occur-
ring on its territory. Therefore, constant monitoring of a
significant number of objects is required. Based on the
data obtained as a result of such monitoring, the tasks of
forecasting emergency situations, as well as their preven-
tion and elimination are solved [2]. For this, various tech-
nical, software and informational support is used. The
technical support of the monitoring task is based on the
equipment of stations, observation systems, computer and
network equipment, communication lines, etc. Monitoring
data for each observation objects comes from various
automated information systems; each system has its own
format for storing and outputting data, which greatly
complicates their processing for further use: solving fore-
casting problems, making decisions, compiling reports,
etc. At the same time, the number of different information
systems for forecasting for each type of emergency is
small, while many of them are implemented on the basis
of the All-Russian Centre for Monitoring and Forecasting
"Antistikhiya" of the EMERCOM of Russia, and there-
fore have a unified format of input and output data, which
simplifies their subsequent processing.

The original system description. Fig. 1 shows the
IDEF0-model [3] for solving monitoring and forecasting
emergencies problems, which are implemented on the
solution with partial automation basis [2] in the form of
separate applications and systems for data processing and
analysis.

Data collection takes place in an automated mode, but
the tasks of storing, analysing data and forecasting emer-
gency situations with the generation of a preliminary so-
lution are partially implemented manually (fig. 2—4).

The following subtasks, presented in fig. 2—4, are par-
tially or completely solved manually:
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— data recording. The readings of some sensors from
the monitoring objects are presented in the form of
graphic or sound data; their transfer to the computer
memory for subsequent processing is carried out manu-
ally;

— data conversion. For storage in the database, the
available information must be brought to a single format
corresponding to the given structure, which is also par-
tially done manually;

— converting data into a given AIS form. To solve the
problems of monitoring and forecasting based on auto-
mated information systems, it is necessary to bring the
input data to a given format, which may be different for
diverse applications. The corresponding operation is also
carried out partially manually;

— consolidation report formation. Reports obtained on
the basis of data processing in different AIS are presented
in the form of various format separate documents. The
report synthesis of a given form and a conclusion on the
basis of the analysis performed is also done manually;

— preliminary solution development. This task is
solved manually by responsible persons on the basis of
the obtained forecasts, as well as existing regulations.

Consequently, a significant part of the tasks solved
manually are associated with the processing of a large
data amount (recording, converting, combining, etc.),
including real time data. This affects the speed, accuracy
and, as a consequence, the implementation effectiveness
of the listed and related operations, which in the case of
rapidly developing emergencies requiring an urgent solu-
tion can be critical. Therefore, it is advisable to improve
the quality of the existing information system by automat-
ing the above functions.

The main goals of the information system for monitor-
ing and forecasting emergency situation modification are:

— increasing the speed of monitoring and forecasting
emergencies solving problems;

— reducing the errors associated with the human factor
probability when solving the problem of monitoring and
forecasting emergencies;

— improving the efficiency of monitoring and forecast-
ing emergencies solving problems.

To achieve the goals, the following tasks are auto-
mated:

— data conversion: reduction to a unified format corre-
sponding to a specific data structure [4; 5], coming from
various monitoring objects, for their further storage in the
database [6];

— data conversion into the form provided by the AIS:
reduction to the necessary format, which is determined by
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the AIS requirements for the structure of input informa-
tion [7; 8] and data stored in the database;

— formation of a consolidated report: a report synthesis
of a given form [9-11] based on output information from
various AIS, presented as separate documents of different
formats.

Existing system modification. Despite the identified
deficiencies, the existing solution to the problems of

Regulations

monitoring and forecasting emergencies is quite effective,
i.e. making significant changes to its structure is impracti-
cal. In addition, this approach may require partial suspen-
sion of the current system functioning, which is unaccept-
able.

Therefore, it is advisable to develop the existing AIS
by integrating [12] a subsystem into it that automates the
above tasks.
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Fig. 5 shows the information structure [13] of the AIS
corresponding fragment.

The basis of the automated system is the database that
stores information necessary to solve problems of moni-
toring and forecasting emergencies, as well as modules
that implement the main functions: data conversion,
report generation. The database model [14] is shown
in fig. 6.

The form and frequency of the basic documents for-
mation are determined [15].

Fig. 7 shows the functional model for solving prob-
lems of monitoring and forecasting emergencies using the
modified system.
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The data collection solution tasks and decision ap-
proval have not changed, however, the automation degree
of storage tasks, data analysis and emergency forecasting
with preliminary solution generation has significantly
increased (fig. 8-10).

The following subtasks, presented in fig. 8-10, are
still partially or completely solved manually:

— data recording;

— preliminary solution development.

The following tasks are automated, with insignificant
human involvement:

— data conversion;

— data conversion into a required AIS form;

— consolidated report formation.
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Comparative analysis of the various operations execution time when solving monitoring
and forecasting emergencies problems

No. The operation name Average execution time Average execution time using
using the original system, s the modified system, s
1 Data conversion by one parameter with writing to 12.4 Less than 0.001
the database
2 Data conversion for AIS by one parameter 6.8 Less than 0.001
3 Consolidated report formation on emergency 312.8 Less than 0.001
monitoring
4 Consolidated emergency forecasting report for- 248.2 Less than 0.001
mation
5 One document completion for collection and 141.6 Less than 0.001
exchange of information on emergencies
Comparative analysis of the original and modified References

systems. The significant part of the tasks associated with
processing a large data amount (recording, converting,
combining, etc.), including real time data, can be auto-
mated based on the modified information system. This
has a positive effect on the speed, accuracy of data im-
plementation and related operations. Table shows data on
the execution time of basic operations based on the origi-
nal and modified automated system using existing hard-
ware.

The use of the modified automated system can signifi-
cantly increase the speed of performing basic operations
related to storing, processing and analysing data. With
numerous operations, especially in case of rapidly devel-
oping emergencies, the use of automation can signifi-
cantly increase the solving tasks efficiency.

Conclusion. According to the study, the main conclu-
sions are:

— the task of monitoring and forecasting emergencies
is one of the priorities in the security field, while its solu-
tion is associated with the collection and processing of
large amounts of information. Consequently, in order to
increase the implementation efficiency of these processes,
it is advisable to use automated information systems,
which will significantly increase the speed of data proc-
essing, analysis and decision-making based on them;

— the emergencies monitoring and forecasting imple-
mentation analysis showed that the significant part of the
tasks solved manually are associated with the processing
of a large amount of data (recording, conversion, merg-
ing, etc.), including real time data. This affects the speed,
accuracy and, as a result, the efficiency of the data
implementation and related operations, which can be
critical in the case of rapidly developing emergencies
requiring an urgent solution. Therefore, it was concluded
that it is advisable to automate the above functions
performance;

— on the basis of the modified system for monitoring
and forecasting emergency situations, a significant part of
the tasks can be automated, which has a positive effect on
the corresponding functions implementation speed and
accuracy. The comparative analysis of the manual basic
operations execution time and execution time of a modi-
fied system using the existing hardware showed the sig-
nificant increase in the speed of solving problems associ-
ated with storing, processing and analysing data. This
indicates the high efficiency of the proposed solution.
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6-APERIODIC WORDS OVER THE THREE-LETTER ALPHABET
V. 1. Senashov

Institute of Computational Modelling of Siberian Branch of RAS
50/44, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
E-mail: senl112home@mail.ru

The work is devoted to the study of sets of aperiodic words over a finite alphabet. A set of such words can be consid-
ered as some kind of finite formal language. W. Burnside raised the issue of local finiteness of periodic groups. The
negative answer was given only sixty years later by E. S. Golod. Soon S. V. Aleshin, R. I. Hryhorczuk, V. 1. Sushchanskii
constructed more examples confirming the negative answer to Burnside's question. Finiteness of the free Burnside
group of period n was established for periods two and three (W. Burnside), for period four (W. Burnside, 1. N. Sanov),
for period six (M. Hall). The infinity of such a group, for odd indicators exceeding 4381, is established in the work
of P. S. Novikov and S. I. Adyan (1967), and for odd indicators exceeding 664 in the book by S. 1. Adian (1975). A more
intuitive version of the proof for odd n > 1 0" was proposed by A. Yu. Olshansky (1989). In this article, we consider
the set of 6-aperiodic words. In the monograph by S. I. Adyan (1975) it was shown the proof of S. E. Arshon (1937)
theory that there are infinitely many three-aperiodic words of any length in the two-letter alphabet. In the book
of A. Y. Olshansky (1989), a proof of the infinity of the set of six-aperiodic words is given and an estimate of the number
of such words of any given length is obtained. Here we try to estimate the function of the number of six-aperiodic words
of any given length in a three-letter alphabet. The results obtained can be useful for encoding information in space
communication sessions.

Keywords: locally finite group, word, aperiodicity, estimate, formal language.

6-AITIEPUOIMYECKHUE CJIOBA HAJ TPEXBYKBEHHBIM AJI®ABUTOM
B. U. Cenamos

WuctuTyT BRiuncauTensHoro moaenuposanus CO PAH
Poccuiickas ®eneparms, 660036, r. KpacHospck, Akagemropoaok, 50/44
E-mail: senl112home@mail.ru

Paboma nocssawena uzyuenuro MHONMCeCme anepuoOUeckux c08 Hao KOHeuHviM angasumom. MHuodcecmeo maxkux
€108 MOJNCHO PACCMAMPUBAMb KAK HEKOMOPbIli KOHeUHblll (hopmanvubill A3biK. Y. Beprcailo 3a0an 80npoc o 10KanibHOU
KOHeuHocmu nepuooudeckux epynn. Ompuyamenvusiti omeem ObLl NOLy4eH auutb yepes uwecmooecam aem E. C. Tono-
oom. Bcrope C. B. Anewwunwvim, P. U. I'pucopuykom, B. U. Cywanckum Ovinu nocmpoensl euje npumepsi, noomeep-
Jrcoarougue ompuyamenvrulil omeem Ha eonpoc bepucaiioa. Koneunocms c80600HOU 6epHCaliO08CKOU epynnvl nepuood
n YCMaHosneHa 8 pasHoe epems O nepuooog osa u mpu (V. Bepucaiid), ona nepuooa uemsvipe (V. BepHcaiio;
U H. Canos), orsn nepuooa wecmo (M. Xonn). bBecxonweunocms makoil epynnei, Ol He4emHulX HOKA3ameel,
npesviuarowux 4381, yemanoenena 6 pabome I1. C. Hosuxosa — C. U. Aoana (1967), a ons neuemuvix noxazameretl,
npesviutarowux 664, — ¢ monoepaguu C. U. Aosina (1975). I'eomempuueckuii memoo 0okazamenbcmea OJisi HeUemHbIX
nokazameneti, npesvuuarowux 10", npunaonexcum A. FO. Onvwanckomy (1989). B dannoii cmamve paccmampugaem
MHOHCECMBO 6-anepuoouyeckux cios. l-anepuoouueckum cio8om Hazvi6aemcs cioso X, e cooepcaujee Hempueuaib-
nvix noocnos muna Y. B kuuee C. H. Adsma (1975) umeemces o6ocnosanue C. E. Apwona (1937) mozo, umo 6 08yx6y«-
8eHHOM anghasume umeemcs OECKOHEUHO MHO20 MPU-ANEPUOOUYecKUx cios mobotl oaunsl. B knuee A. FO. Onvuiancko-
20 (1989) npusedeno ooxazamenbcmeo OECKOHEUHOCHIU MHONCECNBA WECTb-ANEPUOOULECKUX CIO8 U NOTYYeHd OYeHKd
Konuvecmea makux ciog 0ot OanHOU OnuHbl. 30ect Mbl XOMUM OYEHUMb QYHKYUIO KOIUYeC8d uilechmb-
anepuooudeckux ciog 6ol O0annou Onunsl 6 aipasume uz mpex 0yks. Ilonyyennvie pezyibmamer mo2ym Ovlmb
NoLe3Hbl NPU KOOUPOBAHUU UHDOPMAYUL 8 CEAHCAX KOCMOCEI3U.

Kniouesvie crosa: 10kanbHo KOHeUHAs cpynna, cl10860, anepuobuqnocmb, OY€eHKA, qupMaﬂbelﬂ A3bIK.
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Introduction. The paper is devoted to the study of
sets of aperiodic words over a finite alphabet. The set of
such words can be considered as some finite formal lan-
guage.

The group B(d,n) with d generators and an identical
relation x" =1 is called a free Burnside group of rank d
and period n.

The finiteness of a free Burnside group is established
at different times for period two (the trivial case), for pe-
riod three by W. Burnside, for period four by W. Burnside
for two generating elements; by I. N. Sanov for an arbi-
trary number of generating elements, and for period six by
M. Hall.

William Burnside one hundred and twenty years ago
raised the question of local finiteness of groups, with the

identity x" =1 [1]. This problem is known as the Burn-
side’s one. A group is called locally finite if any of its
finitely generated subgroups is finite.

A negative answer to the Burnside problem was
obtained in 1968 in the works of P. S. Novikov and
S. I. Adyan [2—4]. The proof of the infinity of the group
B(d,n), with the number of generators greater than
or equal to two, for odd exponents exceeding 4380 was
given in [2-4], and for odd periods exceeding 665
in S. I. Adyan monograph [5].

More detailed results on the Burnside problem can be
found in the work of S. I. Adyan [6].

Theorems about non-repetitive words in a three-letter
alphabet and 3-aperiodic words of any length in a two-
letter alphabet were proved by A. Thue in 1906 [7]
(see also lemma 1 in [6]). In the article by S. E. Arshon in
1937 [8], the existence of an n-digit asymmetric non-
repetitive sequence for an alphabet of at least three letters
is proved. In the monograph of S. I. Adyan [5] on pages
13-16, by means of Arshon's method [8] it was proved
that there are infinite 3-aperiodic sequences in an alphabet
of two characters. The work [9] belongs to the same the-
ory. In the monograph of A. Yu. Olshansky [9] proved the
infinity of the set of 6-aperiodic words in the two-letter
alphabet and obtained an estimate of the number of such
words of any given length.

A report on the topic of aperiodic words was made by
the author at the conference “Reshetnev Readings” [10],
then research on this issue was continued: in [11]

A. Yu. Olshansky's assessment of the number
of 6-aperiodic words in the two-letter alphabet was
improved.

In this article, we study the set of 6-aperiodic words in
the three-letter alphabet. The results obtained can be use-
ful for encoding information in space communication
sessions. Previously we also considered 5-periodic words
[12] and 12-aperiodic words [13].

Main result. For ease of reading, we first give a few
necessary definitions.

Definition. 4 periodic word with period H is any
subword of some word H”, p > 0.

For example, ababa is a periodic word with the period
ab or ba.

Definition. An l-aperiodic word is a word X that does
not contain non-trivial subwords of type Y.
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S. I. Adyan [4] proved that in the two-letter alphabet
there is an infinite set of arbitrarily long 3-aperiodic
words.

We also considered the problem of the existence of
arbitrarily long words, free of squares, over the three-
letter alphabet [8].

A. Yu. Olshansky [9] considered a set of 6-aperiodic
words and obtained an estimate of the function f(n)

of the number of such words of length n: there are arbi-
trarily long 6-aperiodic words and the number f(n) of

such words of length » is greater than (%)" in the two-

letter alphabet. A. Yu. Olshansky [11] improved this es-
timate of the number of 6-aperiodic words over the two-
letter alphabet.

We are interested in estimating the number of
6-aperiodic words in the three-letter alphabet.

When getting the estimate, we apply the same method
as A. Yu. Olshansky used [9].

Theorem. There are arbitrarily long 6-aperiodic words
and the number f(n) of such words of length # is greater

than ( %)” in the three-letter alphabet.

Theorem proving. Let {a, b, ¢} be the alphabet. In
this alphabet, we will consider 6-aperiodic words. First,
we prove the inequality f(n+1)>(5/2)f(n) using the

method of mathematical induction.
1. f2)> % - £(1), where
S =3, f(2)=9. It means that the base of induction is

proved.

A 6-aperiodic word of length n+1 can be obtained by
adding the letters a, b, or ¢ to the right of the 6-aperiodic
word of length #. In this way 3f(n) words X of length

Consider the case n

n+1 are obtained.

Some of these words may contain A°degrees. Then
estimate the number of such extra options.
When attributed to the right, the only identity of

X =Y4° form is obtained, since otherwise the beginning
of the length n of the word X with the length n+1 con-

tains A°. For the words A4 of length 1 (only three such
words), there are less than 3 f(n—5) words of X =YA4°

form, where the word Y is 6-aperiodic and |Y | =n-5:

n-s
Obviously, there are 9 words A4 of length 2. The corre-
sponding words of the X =YA® type of length n+1 are
less than 9 f(n—11), where the word Y is 6—aperiodic of
length n—11.
Continuing the reasoning in the same way, we have:

f(n+1)>3f(n)-3f(n—5)—
-3 f(n-11)-3*f(n—-17)—...
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Since by the inductive assumption
F>GH)k - fn=h),
SO
S+ >31) -7 f(m)+
+3 ) S+ T f )+,
Transform the resulting inequality:

S>> fB-G(H " +3 (™ +33 ) +.).

Since {3 < y , S0 the geometric progression on the
right side of the inequality is decreasing with the

ratio 3( % ).

Then estimate the second factor of the right part S us-
ing the geometric progression formula

§=3 ——3(%)75 .
1-3(35)
We need to prove that S > % .
Transform this inequality:
32909 3097 #3097 -2
1-3(35)° '

After simplification we get:

Since 1-3( %)’6 >0, it remains to check the correct-

ness of the inequality:

3—9(%)‘6—%>0.

We are convinced of its correctness by direct calcula-
tion. Hence, it is proved that the inequality

f(n+1)> % f(n) exists for any natural n. The theorem

is proved.

Conclusion. The problem of estimating the number
of aperiodic words is still being studied. The set
of 6—aperiodic words in the three-letter alphabet is con-
sidered and an estimate is obtained for the function of the
number of such words of any given length.
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AUTOMATED SETTING OF REGULATORS FOR AUTOMATED PROCESS
CONTROL SYSTEMS IN THE SIMINTECH VISUAL MODELING SYSTEM

V. V. Ustimenko*, A. V. Chubar, L. A. Mikhaylenko

Siberian Federal University
79, Svobodny Av., Krasnoyarsk, 660041, Russian Federation
*E-mail: zeyal 998@mail.ru

For successful technological process in automated control systems it is necessary to maintain technological pa-
rameters constantly at the required level, which is ensured by the use of automated process control systems (APCS).
The classical solution of this problem is the application of control devices of various types, the choice of which directly
depends on the system under consideration and the requirements to it. The leading position among the automatic con-
trol system regulators for the last decades belongs to the proportional-integral-differentiating (PID) regulator, which
efficiency of application in the technological process is defined by the speed and accuracy of its work. These qualities
directly depend on the correct setting of the regulator parameters. The synthesis of regulators requires using of modern
computer-aided design systems. The article presents the method of automatic setting of PID-regulator of the dynamic
system of high order with negative feedback on the example of automatic room temperature control system. The modern
Russian environment of dynamic simulation of technical systems SimInTech applied at a number of nuclear, oil refining
and aerospace enterprises is used as the environment for system model development, as well as the process of its analy-
sis and optimization. The main components of the system and transfer functions of its elements are presented. The step-
by-step description of the process of project construction from standard software blocks and submodels, interacting
through a single database with the use of built-in programming language, is described. The use of the built-in block of
SimInTech visual simulation environment optimization for automated search of PID-regulator parameters is described
in details and illustrated. The advantages and disadvantages of this adjustment method revealed during the project im-
plementation are listed.

Keywords: modeling, PID-regulator, automatic control system, SimInTech.

ABTOMATU3UPOBAHHASI HACTPOMKA PET'YJISATOPOB JUISI ACYTII
B CPEJE BU3YAJIBHOI'O MOJEJIMPOBAHMUS SIMINTECH

B. B. Ycrumenko*, A. B. Uy6aps, JI. A. MuxaiiieHko

Cubupckuii henepanbHbIil yHUBEPCUTET
Poccuiickas ®enepanms, 660041, r. KpacHospck, npocn. CBo6oaHEIH, 79
*E-mail: zeyal998@mail.ru

Jis ycnewno2o npomexanus mexHoio2U4ecko20 npoyecca mpedyemesi NOCMosHHOE ROOOEPAHCAHUE MEXHOIo2UYe-
CKUX NAPaAmMempos Ha mpeayemom yposHe, 4mo 06ecneuuéaemcs NPUMEHEHUEM A8MOMAMUUPOSAHHBIX CUCIEM YPAE-
nenust mexroaoeuueckumu npoyeccamu (ACYTII). Knaccuueckum pewieHuem OaHHOU 3a0ayu S6/IAeMcs NPUMEHEeHUe
VAPAGISIOWUX YCIMPOUCIE PAZIUYHO20 MUNA, 8bIOOP KOMOPBIX HANPIMYIO 3A6UCUM O PACCMAMPUBACMOL CUCEMbL U
npedvsasisiemMblx K Heti mpebosanuti. Jluoupyrowyro nosuyuio cpeou pezyiamopoe ACYTII nocreonue oecsmunemus
3aHuUMaem nponoPYUOHAIbHO-UHMe2palbHo-oud@epenyupyrowut (IIH]) peeyismop, s¢gexmusnocms npumenenus
KOMOPO20 8 MEXHONIOSUYECKOM npoyecce onpedensiemcs Gvlcmpooelicmeuem U mMoYHOCmblo e2o0 pabomuvl. [anwHvle
Kauecmea Hanpsamyr 3a6Ucim Om RPAGUIbHOCMU HACMPOUKU NAPAMEMPO8 pe2ylisamopos, Ols CUHmMe3d KOMOpPbIX
HeobX00UMO UCHOTb30BAHUE COBPEMEHHBIX CUCIEM ABMOMAMUZUPOBAHHO20 NPOoeKmuposanus. B pabome paccmampu-
saemcs. Memood asmomamusuposanioi nHacmpotixu ITH[-pecyissmopa OuHaMu4ecKkou cucmembl 6blCOKO20 NOPAOKA
¢ 06pamHoll C6:3b10 HA NPUMEPE CUCIEMbL ABIMOMAMULECKO20 PE2YIUPOSAHIUsl MeMNepamypel 6 nomeujeHuu. B kaue-
cmee cpedvl paspabomku MoOeU CUCIEeMbl, 4 MAKNCe NPOYECca ee aHau3a U ONMUMUZAYUU UCTOb3YEMCS COBPEMeH-
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Has poccuiickas cpeda OUHAMUYECK020 Modenuposanuss mexnuyeckux cucmem SiminTech, ucnonvsyemas na psoe
npeonpusmuil amomMHoU, Heghmenepepabamvisarouell U aspoKocmuyeckou ompacieil. Ilpusedenvl 0CHOGHbIE KOMNO-
HeHmbl cucmemvl, nepedamoynvie QYHKYuu ee 1eMeHmos. [Jano nosmantoe onucanue npoyecca co30aHus npoeKma
U3 Munogvix OI0KO8 U cyomooenell NPOSPAMMHO20 ObecnedeHus, 83aumMoOeliCmeyIuux yepe3 eOuHyr 6azy OaHHBIX
CUCHATIO8 ¢ NPUMEHEHUeM 8CMPOEHHO20 A3bIKA Npocpammuposanus. [1o0pobHO Onucano u NpoUNTIOCIPUPOBAHO UC-
NONb306AHUE 8CIMPOEHHO20 OIOKA ONMUMUZAYUU CPedbl 8U3YATbHO20 Modeauposanus SiminTech 0ns asmomamusupo-
8aHHO20 noucka napamempos peeyasmopa I1H/]-muna. [lepeuucnens: gviasnieHHble ¢ X00e pearusayuu npoeKma npe-

uMyujecmea u He0oCmamku OaHHO20 Memooa HACMPOUKU.

Kniouesvie cnosa: mooenuposanue, IH/]-pecyrsmop, ACYTII, SiminTech.

Introduction. Design of control systems is an impor-
tant component of modern technological production. For
a long time regulators have been acting as the basis for
managing technological processes. Their main task is to
maintain the value of the system parameter at the level set
by technology for the successful flow of the technological
process as a whole. The choice of regulator type is di-
verse: from the simplest two-position to self-adjusting
microprocessor regulators.

Traditionally, proportional-integral-differentiating
(PID) regulators are used in process control systems. PID
regulation is a fundamental element of the management
process in continuous operation. PID-type control devices
are widely used in the field of automation due to their
longevity, flexibility, high functionality and reliability.
PID-regulators are universal in application, suitable for
solving most practical problems, they are easy to imple-
ment and have a low cost. Their applications range from
household devices to nuclear and aerospace industries.

However, in practice a significant proportion of con-
trol problems are associated with incorrect configuration
of PID-regulators: the accuracy and speed of the system
as a whole depends on the correct setting of the regulator
coefficients. It means that the task of parametric synthesis
of control devices is an urgent task.

The task of parametric synthesis for the specified con-
trol objects is reduced to determining the optimal parame-
ters of the regulator, which meet the required operating
conditions of the system, as well as the requirements for
the quality and accuracy of control.

Currently, a number of methods, algorithms and rules
allows speeding up and simplifying the task of setting up
regulators [1-4]. These methods are usually divided into
two broad categories: methods aimed at ensuring the
quality requirements of regulation, or selection methods,
in which the system operator must match the desired op-
erator as accurately as possible [5]. Recently, regulators
that can calculate the “correct” parameters when the de-
vice is connected to the system have become very popular
[6]. Some of the methods for setting up regulators were
considered in previous works [7-9].

In this paper, we consider the process of automated
search for parameters of a PID-type control device in-
cluded in the control loop. The object of regulation is a
heated room. The model of the automatic control system
(ACS) of room temperature is implemented in the Rus-
sian environment of dynamic modeling of technical sys-
tems SiminTech.

The algorithm of PID-regulator work. The PID-
regulator is a parallel connection of typical links of P-, I-
and D-regulators [10]. The transfer function of a PID-
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regulator is the sum of the transfer functions of each type
of regulator:

1
Wein :Kp+T_.+Td P

1

where K, — the regulator gain coefficient or the trans-

mission coefficient; K, =— — the integration constant;

1
K, =T, — the differentiation constant.

There is no static error in PID-regulator system and
they are of high performance. Regulators of this type pro-
vide a relatively high quality of regulation of objects that
have a large transition delay (for example, heat exchange
and mass transfer devices), as well as in cases where the
load in the control objects changes frequently and
quickly.

It should be noted that if the adjustment coefficients of
the PID-type control device are set inaccurately, it might
have worse indicators than the two-position regulator and
even go into self-oscillation mode.

Automatic room temperature control system. In
general, the automatic temperature control system in the
room is shown in fig. 1.

The object of regulation in the system under consid-
eration is a heated room. The indoor temperature 6
is a controlled value; the air temperature 6, coming from
the heater is a regulating (controlling) effect; external
factors fare a disturbing effect.

The sensing device (sensitive element) in this control
system is a thermal resistor R, included in the bridge cir-
cuit. The thermal resistor also performs the functions of a
comparing device. An amplifier provides the amplifica-
tion of the AU signal (mismatch signal) of the measuring
bridge circuit. The amplified signal U, provides rotation
of the two-phase prime engine, which changes the amount
of movement of the valve (flap) on the steam supply pipe-
line to the heater, which achieves a change in the air tem-
perature at the outlet of the heater regulating the effect on
the control object.

The initial data of the system is in [11]. The control
system model has the following transfer functions:

W.(p)= _ transfer function of the object of
400-p+1
regulation according to the regulatory effect;
2 . .
W,(p)= _02 transfer function of the object of
400- p+1

regulation according to the disturbing effect;
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W, (p) = 0.2 — transfer function of the sensor;

w,(p)= _10 transfer function of a magnetic
0.5-p+1

amplifier;
.002 . .
W,(p)= _ 002 engine transfer function in
p-(0.08-p+1)
conjunction with the valve;
1 .
W,(p)= _10 transfer function of the heater.
20-p+1

Main requirements for the quality of automatic
control system. The main task of the regulator in the sys-
tem under consideration is to maintain the technological
parameter and the room temperature at a given level while
minimizing the influence of external disturbing influ-
ences.

The system has the following requirements:

— working out the set value without an error in a set-
tled mode;

— transition time — no more than 500 seconds;

— number of vibrations — no more than one, its ampli-
tude should not exceed 5 % of the set value.

Simulation of ACS in the environment SimInTech
and setting the coefficients of PID-regulator. The Rus-
sian SimInTech modeling environment was chosen as the
system development environment for its analysis and op-
timization [12—14].

The initial complex dynamics model implemented in
this software can be simplified. This provides verification
of the basic principles of operation of the simulated object
and its control system. As the design progresses, its indi-
vidual parts can be refined and supplemented to match the
real object in as much detail as possible.

To create a complex mathematical model, models of
the main subsystems (submodels) implemented as sepa-
rate projects are combined into a single package [15]. To
link projects to each other, the signals database is used,
which is a file database that contains all the necessary
variables for the projects to work. These variables are
used to describe the model, visually represent the model-
ing process on video frames, exchange data with external
modules etc.

Comparator

As a programming language, this software uses the
built-in C language to write scripts that perform manipu-
lations with schema objects as they are calculated.

The ACS scheme implemented in the SimInTech vis-
ual modeling environment is shown in fig. 2. The control
object is placed in a submodel consisting of standard
blocks, the composition of which is shown in fig. 3.

In the “calculation of transient parameters” submodel,
which is shown in fig. 4, automatic calculation of time
indicators of control quality is performed: the control time
and the maximum of the controlled value. In the script,
basing on the data obtained (the steady value and its
maximum) the overshooting value is calculated.

The calculation of the control time — the time for
which the value of the system reaches a new steady value
is as follows: the mismatch signal module (control error)
is applied to the middle (logical) input port of the key.
Given that the complete process attenuation occurs at
t—oo, the duration of the transition process is limited to
the moment when the controlled value begins to deviate
from the steady value by less than 5 %. Based on this, if
the mismatch signal exceeds the specified five percent set
point, the current model time (signal from the lower input
port) is transmitted to the key output. If the control signal
is less than the set point, the same signal is transmitted to
the key output, but delayed by one integration step (the
signal from the upper input port). Thus, after the calcula-
tion is completed, the variable «determining the control
time» will contain the value of the transition time.

All variables calculated during operation are recorded
in the signal database. An example of a project signal
database is shown in fig. 5.

Detailed information about the database structure of
the project (tab. 1).

In the SimInTech visual modeling environment, the
PID regulator is represented by a separate block of the
“Discrete” library — “Discrete PID-regulator”. When im-
plementing the ACS scheme with an embedded PID-
regulator, shown in fig. 6, only the macroblock “Control
object” is modified: the regulator, which parameter set-
ting is the task of this work, takes place after the compari-
son device.

|7

Uy U . 8 0
. Driven 3 ;
Control device > = £ > Object of regulation >
Uz
Sensor <

Fig. 1. Functional chart of automatic control system of room temperature

Puc. 1. ®ynxunonansHas cxema CAP TeMneparypsl B HOMELICHUH
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Fig. 2. The automatic control system in the SimInTech environment
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Fig. 3. Composition of the «Control object» substructure
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Fig. 4. Composition of the substructure “Calculation of transition process parameters”
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Fig. 5 Design of the Signal Database of the Package
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Fig. 6. The automatic control system model with discrete PID regulator
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Table 1
The list of signals of the project database
Name Caption Data type

tpp Transition time double
Yinax Maximum value double
Yust Current value double
Est Statistic regulation error double

G Overshooting double
K, Proportional coefficient of regulator double
K; Integrated coefficient of regulator double
K, Differential coefficient of regulator double

The regulator block will be accessed via the signal da-
tabase: for this purpose, the corresponding variable from
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the signal database is specified in the properties of the
control device block opposite to each of the components
of the PID-regulator. The values of the regulator coeffi-
cients will change automatically, which allows accessing
this object from any project in the package.

In the dynamic environment Sim/nTech created a spe-
cial block “Optimizer”, located in the library “Analysis
and optimization”, which allows you to perform an auto-
mated search for such values of variable parameters of the
ACS, in which the dynamic characteristics of the ACS
(and the transition process, in particular) meet one or
more conditions (criteria) “optimalities”. The scheme of
the system with the parameter optimization block is
shown in fig. 7.

The following algorithms are used as optimization
methods that can be implemented in this block [13]:
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1) Search — 2: an algorithm for dividing the step in
half for one optimized parameter (# = 1) and an algorithm
for converting the direction matrix for (n > 1) is imple-
mented. Next, we consider the multidimensional search
algorithm.

2) Search — 4: implements a quadratic interpolation
algorithm for one optimized parameter (n = 1) and
an algorithm for rotation and stretch-compression trans-
formations (n > 1).

3) Simplex method: the “deformable polyhedron”
method of Nedler and Mead is used, in which a function
of n independent variables is minimized using (n + 1)
vertices of the deformable polyhedron. Each vertex can be
identified by the vector x. The vertex (point) at which the
value of f{x) is maximal is projected through the center
of gravity (centroid) of the remaining vertices. Improved
(smaller) values of the objective function are found
by sequentially replacing the point with the maximum
value of f{x) with more “good” points until the minimum
of f(x) is found.

The main task of using the “Optimizer” block is to
correctly configure the required data, including:

— names of variable parameters, limits of their change
and calculation error;

—names of local criteria and acceptable limits of their
values;

— calculated optimization method and its settings.

Look at the process of configuring the parameters of
the optimization block in details [13].

The optimization parameters are the transition time
tpp and the maximum value Ymax during the transition
process. Accordingly, the optimization should be calcu-
lated for the entire transition process, so in the “Parameter
optimization mode” select “full transition process”.

Using the properties “Maximum values of block out-
puts” and “Minimum values of block outputs”, we limit
the search range for optimal system parameters. The pro-
portional and integral components will vary in the range
[0.0001; 5], the differential — in the range [0.0001; 300].

In the “Absolute accuracy of selecting output values”
property, we specify the accuracy when calculating the
optimized parameters.

The “Initial increment of outputs” property sets the
first increment step when selecting optimum values. The
larger the step, the faster the selected values change at the
beginning of the search for the optimum, but there is a
chance that the optimal value will be skipped. Set a step
equal to “Absolute accuracy of selecting output valuesy, it
slows down the calculation, but guarantees the search
with the specified accuracy.

The “Minimum values of input optimization criteria”
and “Maximum values of input optimization criteria”
properties define the acceptable range of optimization
criteria. According to the requirements imposed on the

system when setting the task for the synthesis of the regu-
lator, the value of overshoot should not exceed 5 % of the
set value, the transition time when working out the task
should not exceed 500 s. Thus, the minimum values of the
optimization criteria are as follows: Y., = 0.95; tpp =0 s.
The maximum values of the optimization criteria are:
Yimax = 1.05; tpp = 500 s.

The simplex method is chosen as the optimization
method.

The “Initial approximation of outputs of the block”
property sets the vector of initial values of the optimized
parameters. In this case, the optimized parameters are the
coefficients of the PID-regulator. Add approximate values
of the regulator parameters calculated by the Ziegler—
Nichols method to this property [16]. The result of con-
figuring the properties of the “Optimizer” block is shown
in fig. 8.

The setup procedure in the Ziegler-Nichols method
has the following steps:

1. Experimental study of the system: the studied sys-
tem with a given object of regulation is supplied with a
proportional regulator, the gain coefficient K, of which
vary as long as at the output of the system the oscillations
with constant amplitude are not set.

2. Fixing of values: the value of the transmission coef-
ficient of the regulator, at w*hich the system is at the boundary
of stability and the period 7" of steady-state oscillations in the

system, is fixed and denoted by K; .

3. Values of the PID-regulator parameters are calculated us-
ing the formulas given in tab. 2.

This method is based on the use of data obtained ex-
perimentally on a real object and the use of stability re-
serves [15].

Experimental results of the study. The proportional

coefficient K; = 1.242 was determined experimentally,

at which oscillations with a constant amplitude are estab-
lished in the system. From the graph, we determine the
oscillation period 7" = 577 s.

Required parameters of the PID-regulator, according
to table 2 have the following values:

K,=0.7450;
K;=0.0025;
K,=53.755.

Add data to the properties of the «Optimizer» block
and configure parameters using the built-in tools of the
SimInTech environment.

Graphs of the transition process without the use of the
controller and with the application controller of the PID
type, the coefficients of which were obtained from calcu-
lations of the unit “Optimizer” is shown in fig. 9.

For better comparison of the quality of the transition
process, the designed in the course of work indicators
of quality of regulation are summarized in tab. 3.

Table 2
PID-regulator parameters
Type K, X, X,
. 12K, Kt
PID-regulator 0.60-K, ~p 0.075-K,-T
T
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Table 3
Comparison of the quality of the transition process indicators
Parameter Original scheme PID-regulator scheme
Regulation time ¢, , s 11907 410
Maximum value Y 1.9 1.04
Second maximum value Y, 1.8
Overshooting ¢, % 90.7 4
Attenuation D 0.11 1
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Fig. 9. Comparison of the automatic control system transition diagrams,
where / is the original circuit, 2 is the circuit with the tuned PID regulator
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From the graphs of the ACS transition process and
control quality indicators presented in fig. 9 and tab. 3,
respectively, we can conclude that it is advisable to use
control devices in technological process control systems.
The automated search for controller parameters using the
built-in SimInTech dynamic modeling environment fully
meets the system requirements: the process parameter, in
this case, the room temperature, is maintained at the set
level, the set value is processed without error in the
steady-state mode, the transition time is reduced com-
pared to the original scheme and is less than 500 seconds,
there are no fluctuations. The system is stable and effi-
cient.

Automated adjustment of PID-regulator parameters
using SimInTech's built-in tools has the advantage that the
algorithm will work until it makes parameter settings that
meet the required optimality criteria or, if this is not pos-
sible, selects such regulator coefficients so that the quality
of system regulation is as close as possible to the required
level. Moreover, several optimization methods are avail-
able, which allows to choose the best one for the designed
system.

This method does not require the direct presence of
the operator, it only sets the necessary operating condi-
tions for the block, however, the configuration process
can take a long time.

At the same time, the “Optimizer” in the SimInTech
environment can be used to configure the parameters of
control devices and dynamic systems of various types.
The main thing is to set the optimality criteria and initial
approximations of the output variables correctly.

Conclusion. In this paper, in the environment of dy-
namic modeling of SimInTech technical systems using
standard blocks of general technical software libraries, a
model of an automation object is developed and imple-
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mented — a dynamic system with feedback on the example
of an automatic temperature control system in a room.
The application of such development environment tools
as a database and a programming language is described.

The system includes a proportional-integral-
differentiating regulator, which is a parallel connection of
P-, I- and D-regulators in the form of a single block “Dis-
crete PID-regulator”.

An automated search for PID-regulator parameters
was performed using the built-in tools of the development
environment — using the “Optimizer” block, a detailed
description of the application and settings of which is
described in this paper. The advantages and disadvantages
of the configuration method identified during the project
implementation are described.

The results of the ACS simulation, as well as the sys-
tem with the control device, are confirmed by time graphs
and mathematical calculations. The quality indicators of
the system control process are compared based on the
following indicators: control time, maximum value of the
controlled value, overshoot, attenuation.

Based on the results of system modeling, the feasibil-
ity of using SimInTech tools to determine the coefficients
of a PID-type control device was evaluated. Conclusions
are made about the effectiveness of this method: the sys-
tem meets the requirements for it in full. It is possible to
use the SimInTech model parameter optimization block
for dynamic systems of different orders and control de-
vices of different composition from the one under consid-
eration.
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MODELS AND ALGORITHMS FOR AUTOMATIC GROUPING OF OBJECTS BASED
ON THE K-MEANS MODEL

G. Sh. Shkaberina*, L. A. Kazakovtsev, R. Li

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
*E-mail: z_guzel@mail.ru

The paper is devoted to the study and development of new algorithms for automatic grouping of objects. The
algorithms can improve the accuracy and stability of the result of solving practical problems, such as the problems of
identifying homogeneous batches of industrial products. The paper examines the application of the k-means algorithm
with the Euclidean, Manhattan, Mahalanobis distance measures for the problem of automatic grouping of objects with
a large number of parameters. A new model is presented for solving problems of automatic grouping of industrial
products based on the k-means model with the Mahalanobis distance measure. The model uses a training procedure by
calculating the averaged estimate of the covariance matrix for the training sample (sample with pre-labeled data). A
new algorithm for automatic grouping of objects based on an optimization model of k-means with the Mahalanobis
distance measure and a weighted average covariance matrix calculated from a training sample is proposed. The
algorithm allows reducing the proportion of errors (increasing the Rand index) when identifying homogeneous
production batches of products based on the results of tests. A new approach to the development of genetic algorithms
for the k-means problem with the use of a single greedy agglomerative heuristic procedure as the crossover operator
and the mutation operator is presented. The computational experiment has shown that the new mutation procedure is
fast and efficient in comparison with the original mutation of the genetic algorithm. The high rate of convergence of the
objective function is shown. The use of this algorithm allows a statistically significant increase both in the accuracy of
the result (improving the achieved value of the objective function within the framework of the chosen mathematical
model for solving the problem of automatic grouping), and in its stability, in a fixed time, in comparison with the known
algorithms of automatic grouping. The results show that the idea of including a new mutation operator in the genetic
algorithm significantly improves the results of the simplest genetic algorithm for the k-means problem.

Keywords: automatic grouping, k-means, Mahalanobis distance, genetic algorithm.

MOJIEJIA U AITOPUTMbI ABTOMATHYECKOM I'PYIIIIUPOBKH OB bEKTOB
HA OCHOBE MOJEJIN K-CPEJHUX

I'. OI. [Ixa6epuna, JI. A. Kazakosres, XK. JIn

Culupckuii rocy1apCTBEeHHBIN YHUBEPCUTET HAYKU U TEXHOJOTHI MMeHHU akanemuka M. @. PemerHeBa
Poccwuiickas @enepauus, 660037, r. KpacHosipck, mpocrt. M. ra3. «KpacHosipckuii padounii», 31
*E-mail: z_guzel@mail.ru

Paboma noceawena uccnedosanuio u paspabomre HOBbIX Al20PUMMOSE AGIMOMAMUYECKOU PYNNUPOBKU 00bEKMO8,
KOmMOopbie NO360IAI0M NOBbICUMb MOYHOCHb U CMAOUILHOCMb PE3YTbMAma peuleHius Npakmuieckux 3a0a4, Hanpumep,
MAKUX Kax 3a0a4d ebloeeHuss 0OHOPOOHbIX NAPMUL NPOMBIULIEHHOU NPoOYyKyuu. B cmambe uccredyemcs npumenenue
aneopumma k-cpeonux ¢ Eexnuoogvim, Manxsmmenckum, Maxananoduca mepamu paccmosnus 078 3a0adu asmoma-
MUYeCKol 2PYRIUPOSKU 00beKMOo8 ¢ DOIbUUM KOIUYecmg8om napamempos. Ilpedcmaesnena Ho6as MoOensb 05l peuenus
3a0ay a8mMomMamuieckoll epynnuposKU NPOMbIUIEHHOU NPOOYKYUU HA OCHO8e MOOelU k-CpeOHUX ¢ Mepotl paccmosHus
Maxananobuca. Jlannas moodenv ucnoivzyem npoyedypy 00yuenus nymem GblyucieHus YCpeOHeHHOU OYeHKIU Kosapua-
YUOHHOU Mampuysl 0151 0byuaiowel 6b100pKU (6b100PKA ¢ NPeOSaAPUMENbHO pazmedeHHbIMU OanHbimu). Tlpednooicen
HOBbLIL ANIROPUMM ABMOMAMUYECKOU SPYNNUPOSKU 00bEKMO8, OCHOBAHHBIIL HA ONMUMUZAYUOHHOU MOoOenu k-cpednux
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¢ mepou paccmosnus Maxananobuca u cpeoneg36euteHHOl KOBAPUAYUOHHOU Mampuyetl, pacCYumaHnHol no obyuaro-
wetl svibopxe. Aneopumm no38oasiem CHU3UMs 00110 OwuboK (nogvicums unoekc Panoa) npu evisenenuu 00HOPOOHBIX
NPOU3EOOCMEEHHBIX NAPMULL NPOOYKYULU HO PE3YTbMamam mecmogulx ucnvimanuti. [lpedcmagnen Hogwlli NOOX00 K pas-
pabomke ceHemMUYeCKUX aneopummos O 3a0auyu k-cpeOHux ¢ npumeHeHuem eOUHOU MHCAOHOU a2iOMepamueHoll
IEPUCMUUECKOU NPOYEOYPbL 8 KaYecmee Onepamopa CKpewueanus U onepamopa mymayuu. Buluuciumensbuvitl dKcne-
PUMEHmM NOKA3ANL, YMO HO8Asl Npoyedypa Mymayuu seasemcst Oblcmpoi u 3¢h@PekmusHot no CPABHEHUI0 ¢ UCXOOHOU
Mymayuel 2eHemu4ecko2o aneopumma, NOKA3aHa 6blCOKAsL CKOPOCHb cx00uMocmu yenesou @yuxyuu. Ipumenenue
O0aHHO20 anzopumma no360Jsem CMAmUCmu4ecku 3Ha4UMO NOGbICUMNb MOYHOCIb pe3yibmama (Yiyyiums 0ocmuzae-
Moe 3HaueHue yenesol QYHKYuU 8 pamkax eblOPAHHOL MAMEMAMUYECKOU MOOENU peteHus 3a0a4u agmomMamudecko
2PYRRUPOBKU), 4 maKdice e20 CmabuIbHOCMb 3a (DUKCUPOBAHHOE B8PeMsL NO CPAGHEHUIO C U3BECHHBIMU ANCOPUMMAMU
agmomamuieckoll pynnuposku. Pezynrvmamer noxasvieaiom, umo udes 6KIIOYEHUs HOBO20 ONEPAMoOpa Mymayuu
6 2CHEMUYeCKOM aNeOpUmme 3HAYUMENbHO YIyuuaem pe3yivmamsl NpOCMeuuec0 2eHemuuecko2o aneopumma

ona 3a0aqu k-cpeonux.

Kniouegvie crosa: asmomamuueckas epynnuposka, k-cpeonux, paccmosnue Maxananobuca, zememuyeckuii aneo-

pumm.

Introduction. Automatic grouping (AG) involves di-
viding a set of objects into subsets (groups) so that objects
from one subset are more similar to each other than to
objects from other subsets according to some criterion.
General characteristics of the object and the methods by
which the division took place are taken into account in the
process of grouping objects of a certain set into certain
groups (subsets).

To exclude the emergence of unreliable electrical ra-
dio products intended for installation in the on-board
equipment of a spacecraft with a long period of active
existence, the entire electronic component base passes
through specialized technical test centers [1; 2]. These
centers perform operations of full incoming inspection of
electrical radio products, additional verification tests, di-
agnostic non-destructive testing and selective destructive
physical analysis. Detection of initial homogeneous pro-
duction batches of electrical radio products from shipped
batches is an important stage during testing [1].

The k-means model is one of the best known cluster
analysis models. The goal is to find k points (centers)
X1, ..., X, in d-dimensional space, such that the sum
of the squared distances from known points (data vectors)
Ay, ..., Ay to the nearest of the required points (centers)
reaches a minimum [3]:

. N . 2
argmlnF(Xl,...,Xk):Zizljgl&%’||Xj—A," .

Initially it is necessary to predict the number of groups
(subsets) in the k-means algorithm. In addition, the result
obtained depends on the initial choice of centers. The
distance function and its definition also play an important
role in the problem of dividing the set under study into
groups.

The first genetic algorithm for solving the discrete p-
median problem was proposed by Hosage and Goodchild
[4]. The algorithm [5] gives fairly accurate results. How-
ever, the rate of convergence of the objective function is
very slow. In their work O. Alp, E. Erkut, Z. Drezner [6]
presented a faster simple genetic algorithm with a special
recombination procedure, which also gives accurate re-
sults. These algorithms solve discrete problems. The au-
thors of the work “Genetic algorithm-based clustering
technique” [7] encode solutions (chromosomes) in their

GAs as sets of centroids, represented by their coordinates
(vectors of real numbers) in a multidimensional space.

The analysis of the literature has shown that the exist-
ing solutions in the field of AG of multidimensional ob-
jects either have high accuracy, or ensure the stability of
the result with multiple runs of the algorithm, or have
high speed of operation, but do not combine all these
qualities at the same time. To date, algorithms for k-
means and k-medians have been developed only for the
most common distance measures (Euclidean, Manhattan).
However, taking into account the feature space peculiari-
ties of a specific practical problem when choosing a dis-
tance measure can lead to increasing the accuracy of AG
objects. In the presented work, we use the Rand Index
(RI) [8] as a measure of the clustering accuracy.

It is extremely difficult to improve the AG result of
multidimensional objects with increased requirements for
the accuracy and stability of the result using known algo-
rithms without a significant increase in time costs. When
solving practical problems of the AG of multidimensional
data, for example, the problems of identifying homogene-
ous batches of industrial products, the adequacy of the
models and, as a result, the accuracy of the AG of indus-
trial products are questionable. It is still possible to de-
velop algorithms that further improve the result based on
the chosen model, for example, the A-means model.

In a multidimensional feature space, there is often a
correlation between individual features and groups of
features. The use of correlation dependences can be used
by moving from search in the space with the Euclidean or
rectangular metric to search in the space with the Maha-
lanobis metric [9-11]. The square of the Mahalanobis
distance D), is defined as follows:

Dy(X)=(X-p)' C'(X —p) , 2)

where X is the vector of values of the measured parame-
ters, u is the vector of mean values (for example, the cen-
ter of the cluster), C is the covariance matrix.

The aim of the study in the presented work is to im-
prove the accuracy and stability of the result of solving
problems in automatic grouping of objects.

The idea of the work is to use the Mahalanobis dis-
tance measure with the averaged estimate of the covari-
ance matrix in the k-means problem to reduce the propor-
tion of the AG error in comparison with other known al-
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gorithms, and also to use the mutation operator as a part
of the genetic algorithm to improve the accuracy and sta-
bility of the solution according to the achieved value of
the objective function in a fixed execution time in com-
parison with known algorithms for separating objects.

Initial data. The study was carried out on the data of
testing the batches of integrated circuits [12], intended for
installation in space vehicles. The tests were carried out in
a specialized center for technical tests. The data is a set of
parameters for electrical radio products (ERP). The origi-
nal batch of ERI belongs to different homogeneous
batches, in accordance with the manufacturer's marking.
The total number of products is 3987. In each batch, the
product is described by 205 measured parameters. Batch 1
contains 71 products, batch 2 — 116 products, batch 3 —
1867 products, batch 4 — 1250 products, batch 5 —
146 products, batch 6 — 113 products, and batch 7 —
424 products.

The algorithm of k-means with the Mahalanobis
distance with an averaged estimate of the covariance
matrix over the training sample. The computational
results of experiments on automatic grouping of industrial
products with A&~-medoid and k-means models, in which the
Mabhalanobis metric is applied, show an increase
in clustering accuracy with automatic grouping into
2—6 clusters and a small number of objects and informa-
tive features [13].

Instead of the covariance matrix from (2), it was pro-
posed to calculate the averaged estimate of the covariance
matrix for homogeneous batches of products (according
to pre-labeled data) using the training sample:

k
C:lZCjnj, ?)
nio

where #; is the number of objects (products) in the j-th
batch, n is the total sample size, C; are the covariance ma-
trices of individual batches of products.

In this paper, we propose an algorithm for automatic
grouping of objects based on the k~-means model with the
adjustment of the Mahalanobis distance measure parame-
ter (covariance matrix) based on the training sample:

Step 4. Increase the number of clusters by (k + 1) and
repeat steps 1 and 2. Form new clusters with the squared
Euclidean distance:

D(Xj7“i)=Z(in_p'i)2 ) &)
i=1

where n is the number of parameters. Return to step 3
with a new training example (set).

Step 5. Match each point to the nearest centroid using
the square of the Mahalanobis distance (2) with the aver-
aged estimate of the covariance matrix C (3) to form new
clusters.

Step 6. Repeat the algorithm from step 2 until the
clusters stop changing.

The algorithm of 1. k-means with the Mahalanobis
distance with averaged estimate of the covariance
matrix

Step 1. Using the k-means method with Euclidean dis-
tance, divide the sample into a certain number of & clus-
ters (here k is some expert estimate of the possible num-
ber of homogeneous groups, not necessarily accurate);

Step 2. Calculate the center p; for each cluster. The
center is defined as the arithmetic mean of all points in
the cluster

W, :_Zin > 4

where m is the number of points, X; is a vector of values
of one measured parameter (j = 1...m);

Step 3. Calculate the averaged estimate of the
covariance matrix (3). If the averaged estimate of the co-
variance matrix is degenerate, go to step 4, otherwise go
to step 5;
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The paper presents the results of three groups
of experiments on the data of industrial product
samples.

The first group. The training sample corresponds to
the working sample for which the clustering was carried
out.

The second group. The training and working samples
are not the same. In practice, a test center can use retro-
spective data on deliveries and testing of products of the
same type as a training sample.

The third group. The training and working samples
also do not match, but the results of the automatic
grouping of products (k-means in the multistart mode
with the Euclidean metric) were used as the training
sample.

In each group of experiments, for each working sam-
ple, the k-means algorithm was run 30 times with each of
the five clustering models studied.

DMImodel — k-means with the Mahalanobis distance,
the covariance matrix is calculated for the entire training
sample.

DC model — k-means with a distance similar to the
Mabhalanobis distance, but using a correlation matrix in-
stead of a covariance matrix.

DM?2 model — k-means with Mahalanobis distance,
with averaged estimate of the covariance matrix.

DR model — k-means with the Manhattan distance.

DE model — k-means with the Euclidean distance.

For each model, the minimum (Min), maximum
(Max), average (Average) values, standard deviation
(Std.Dev) of the Rand index (RI) and the objective func-
tion, as well as the values of the coefficients of variation
(V) and the range (R) of the target functions (tab. 1) are
calculated.

It was found that the new DM2 model with an aver-
aged estimate of the covariance matrix shows the best
accuracy among the presented models in almost all series
of experiments according to the Rand index (RI) and in
all cases it exceeds the DE model, where the Euclidean
distance is used. The experiments also showed that in
most cases the coefficient of variation of the objective
function values is higher for the DE model, where the
Euclidean measure of distance is used, and also that the
coefficient of the range of the objective function values
has the highest values for the DM2 model, where the Ma-
halanobis distance measure with an averaged estimate of
the covariance matrix is used.
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Table 1
The results of a computational experiment on the data of the 15261E10_002 microcircuit (3987 data vectors
with a dimension of 68), the training sample consists of 10 batches, the third group, the working sample
is made up of 7 batches of products)
Rand index (RI) Objective function
V-series Model Model
DM1 DC DM2 DR DE DM1 DC DM2 DR DE
Max 0.767 0.658 0.749 0.740 0.735 255886 | 379167 | 281265 18897 6494.62
Min 0.562 0.645 0.696 0.703 0.705 250839 36997 274506 17785 5009.42
Average 0.632 0.650 0.725 0.714 0.719 252877 37178 277892 18240 5249.95
Std .Dev 0.047 0.003 0.016 0.008 0.006 1164.5 152.8 2358.9 452.7 366.5
v 0.461 0.411 0.849 2.482 6.981
R 5047 920 6759 1112 1485

Therefore, multiple attempts to run the k-means algo-
rithm or to use other algorithms based on the k-means
model (for example, j-means [14] or greedy heuristic
algorithms [15]) are required to obtain consistently good
values of the objective function.

Genetic cross-mutation algorithm for the k-means
problem. The new algorithm improves the accuracy of
solving the k-means problem and the stability of the result
in a fixed limited execution time. In this chapter, by the
accuracy of the algorithm we mean exclusively the
achieved value of the objective function, without taking
into account the indicators of the model adequacy and the
correspondence of the algorithm results to the actual (real)
separation of objects, if known.

A very limited set of possible mutation operators is
known for genetic algorithms for solving the k-means
problem with real coding of solutions. For example, the
authors of the work “Genetic algorithm-based clustering
technique” [7] encode solutions (chromosomes) in their
GAs as sets of centroids represented by their coordinates
(vectors of real numbers) in a multidimensional space.
Each chromosome undergoes mutation with a fixed
probability p. The procedure (operator) of mutation
is as follows.

Algorithm 2 3.1 Initial GA mutation procedure for the
k-means problem

Step 1. Generation of a random number be(0,1] with
uniform distribution;

Step 2. IF b < p, then the chromosome mutates. If the
position of the current centroid is v, then after mutation
it becomes:

vE2xbxv, vZO0,
° {UiZXb, v=0.

The signs “+” and “—” have the same probability. The
centroid coordinates are shifted randomly.

In our work we replaced this mutation procedure for
the k-means problem with the following procedure.

Algorithm 3 3.2 GA cross mutation procedure for the
k-means problem

Step 1. Generating a random initial solution § =
= {X] Xk},

Step 2. Applying the k-means algorithm to S to obtain
the local optimum S';

Step 3. Applying a simple crossover procedure for the
mutated individual S from the population and S to obtain
a new solution S';

Step 4. Applying the k-means algorithm to S~ to ob-
tain local optimum S ;

Step 5. IF F(S') < F(S), THEN § « S .

The proposed procedure is used with a mutation prob-
ability of 1 after each crossover operator.

The results of running the original algorithm 2,
described with a mutation probability of 0.01, and
its version with algorithm 3 as a mutation operator are
shown in the figure (population size Npgp = 20). The new
mutation procedure is fast and efficient in comparison
with the original mutation of the genetic algorithm; a high
convergence rate of the objective function has been
shown.

Greedy genetic algorithms and many other evolution-
ary algorithms for the k-means problem do without muta-
tion. The idea of a greedy agglomerative heuristic proce-
dure is to combine two known solutions into one unac-
ceptable solution with an excessive number of centroids,
and then the number of centroids is successively reduced.
The centroid which shows the smallest increase
in the objective function value (1) is removed at each
iteration.

Algorithm 4. Basic greedy agglomerative heuristic
procedure

It is given: the initial number of clusters K, the re-
quired number of clusters k, £ < K, the initial solution
S={X,,...Xg},where |S| =K.

STEP 1. Improve the initial solution by the k-means

algorithm
WHILE K > k

CYCLE for each i € {I,_K} perform:

STEP 2. S’ « S{X, ;} . Improve the solution S by the
k-means algorithm and store the corresponding ob-
tained values of the objective function (1) as variables
F «F{X}.

END OF CYCLE

STEP 3. Select the subset S.;,, from the centers 7.,
Seiim €S 5 Setim |=Neim With the minimum value of the

corresponding variables Fl . Ny =max{1,0.2-(]S|-k)}.
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STEP 4. Get a new solution S« S/S K=K-1.

elim >
Improve the solution by the k-means algorithm.
END WHILE

END OF CYCLE

The following algorithm is proposed At STEP 6.

Algorithm 8. Selection procedure

The initial solution S can also be obtained by com-
bining two known solutions. Algorithms 5 and 6 modify
the initial solution by the second known solution. In fact,
Greedy procedure 1 supplements the first set in turn with
each element from the second set. Greedy procedure 2
combines both sets.

STEP 1. Randomly select 2 indices k,,ks € {M} ,
ky #ks.

STEP 2. IF f, >f. THEN
Jo, € F(S.),ELSE S, < S, fi, < F(S,).

Sk4 S,

Algorithm 5. Greedy procedure 1 with partial join

It is given: Two sets of cluster centers

S=(x,..X tus=(x,.X}

Cycle: for each i e {L_K}

Step 1. Combine S and one element from the
setS 1S« SULX,,... X}

Step 2. Run Algorithm 3.3 with the initial solution S
and save the result.

END OF CYCLE
Step 3. Revert the best solutions saved in Step 2.

A GA with greedy heuristic for p-medians and
k-means problems can be described as follows.

Algorithm 9. A GA with greedy heuristic for
p-medians and k-means problems (modifications GA-
FULL, GA-ONE u GA-MIX)

Algorithm 6. Greedy procedure 2 with full set union

It is given: Two sets of cluster centers
S ={X,..X }and §={X,. X }

Step 1. Combine two sets of cluster centers
S« Sus.

Step 2. Run Algorithm 3 3.3 with the initial
solution S.

The basic genetic algorithm (GA) for k-means prob-
lems is described as follows:

Algorithm 7. GA with the alphabet of real numbers
for the k-means problem

It is given: Initial population size Nppp

STEP 1. Choose Npgp of 1nitial solutions S;,...,S Npop *
where [Si|=k, and {S,,...,Sy  }is a randomly selected
subset of the set of data vectors. Improve each initial solu-
tion by the k-means algorithm and store the corresponding
obtained values of the objective function (1) as variables

S «F(S),k=1Npop .

CYCLE
STEP 2. IF the stop condition is met, THEN STOP.

Return the solution . i €{l,Npyp} with the minimum

value f, ..

It is given: Population size Nppp.
Step 1. Set N, < 0. Choose a set of initial solutions

iter
{8158 Npop} , where |S;| = k. Improve each initial solu-
tion by the k-means algorithm and store the corresponding
obtained values of the objective function (1) as variables
Ji < F(S,),k=1,Nppp . In this work the initial value

of the population is Npgp = 5.
Cycle
Step 2. IF the stop condition is met, THEN STOP.

Return the solution S i €{l,Npyp} with the minimum

value fl ., ELSE set the population size as follows:

Nier < Ny +15 Npop < max{Nppp [\[1+ Ny, 1} 5 1F
Npop has changed, THEN generate a new one SNPOP as

described in Step 1.

Step 3. Randomly select 2 indices k,k, € {m},
k #k,.

Step 4. Run Algorithm 5 (for GA-ONE¥)
or Algorithm 6 (for GA-FULL*) with solutions Skl

and Sk2 . For GA-MIX* Algorithm 5 or Algorithm 6 are

chosen at random with equal probability. Get a new solu-
tion S, .
Step 5. S, <~ Mutation(S,) By default the mutation

procedure is not used.

Step 6. Run Algorithm 5

END OF CYCLE

* GA-ONE is a genetic algorithm with greedy heuris-
tic with partial union, GA-FULL is a genetic algorithm
with greedy heuristic with full union; GA-MIX is a ran-
dom choice of algorithms 5 or 6

STEP 3. Randomly select 2 indices k;,k, € {1, Nppp} ,

ky #k,.

STEP 4. Start crossing procedure:
S, < Crossingover(S; ,S; ) .

STEP 5. Start mutation procedure:

S, < Mutation(S,) .

STEP 6. Start the chosen selection procedure to
change the population set.

This algorithm uses a dynamically growing popula-
tion. In our new version of Step 5, the cross mutation op-
erator looks like this.

Algorithm 10. A cross mutation operator for Step 5
of Algorithm 9 (modifications GA-FULL-MUT,
GA-ONE-MUT and GA-MIX-MUT)

Step 1. Run the k-means algorithm for a randomly se-
lected initial solution to obtain solution S'.
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Step 2. Run Algorithm 5 (for GA-ONE) or Algorithm
6 (for GA-FULL) with solutions S, and S”. Get a new

solution S, .

Step 3. If F(S. )<F(S,), THEN S, < S..

Computational experiments with datasets from the
Machine Learning Repository, Basic Benchmark reposito-
ries, as well as with data from industrial product samples
(tab. 2) were carried out. New modifications of three GAs
(GA-FULL-MUT, GA-ONE-MUT and GA-MIX-MUT)
were compared with the well-known j-means and k-means
algorithms (in multistart mode), GA without mutation
(GA-FULL, GA-ONE and GA-MIX), automatic grouping
algorithms for the k-means problem with combined appli-
cation of search algorithms with alternating randomized
neighborhoods formed by applying greedy agglomerative
heuristics (k-GH-VNS1, i-GH-VNS2, k-GH-VNS3)
and also for the j-means (j-means GH-VNSI1, j-means

GH-VNS2) problem. 30 attempts were made to run each
algorithm for all datasets. For each algorithm, the mini-
mum (Min), maximum (Max), average (Average) values
and the standard deviation (Std.Dev.) of the objective
function were calculated.

The best values of the new algorithms (*) are high-
lighted in bold, the best values of the known algorithms
are indicated in italics, the most achieved values of the
objective function are underlined (tab. 2). The Mann-
Whitney U-test (T4 ) and Student's t-test (Mg ) were
used to confirm the statistical significance of the advan-
tages (TM) and disadvantages (U ) of the new algo-
rithms over the known algorithms.

The performed computational experiments show that
GA with a greedy agglomerative crossover operator with
a new idea of the mutation procedure is superior to GA
without mutation in terms of the obtained value of the
objective function.

g 1700 — (A k-means with the original mutation
f: — (A k-means with crossover-like mutation procedure
é 1690
s
g 1680
z
O 1670
0 50 100 150 200 250 300
Generation
Results for data set Mopsi-Joensuu (6014 data vectors of dimension 2), 300 clusters, time limit 3 minutes
Pesynbratel A Habopa manHbix Mopsi-Joensuu (6014 BEeKTOPOB TaHHBIX
pasmepHOCThIO 2), 300 KIacTepoB, 3 MUHYTHI
Table 2
Results of computational experiments for the Europe dataset (169309 data vectors of dimension 2),
30 clusters, 4 hours
Algorithm Objective function value
Min Max Average Std.Dev.
j-means 7.51477E+12 7.60536E+12 7.56092E+12 29.764E+9
k-means 7.54811E+12 7.57894E+12 7.56331E+12 13.560E+9
k-GH-VNSI1 7.49180E+12 7.49201E+12 7.49185E+12 0.073E+9
k-GH-VNS2 7.49488E+12 7.52282E+12 7.50082E+12 9.989E+9
k-GH-VNS3 7.49180E+12 7.51326E+12 7.49976E+12 9.459E+9
Jj-means-GH-VNS1 7.49180E+12 7.49211E+12 7.49185E+12 0.112E+9
Jj-means-GH-VNS2 7.49187E+12 7.51455E+12 7.4962E+12 8.213E+9
GA-FULL-MUT* 7.49293E+12 7.49528E+12 7.49417E+12 0.934E+9
GA-MIX-MUT#* 7.49177E+12 7.49211E+12 7.49186E+12 0.117E+9
GA-ONE-MUT*T! 7.49177E+12 7.49188E+12 7.49182E+12 0.042E+9
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Conclusion. The proposed new model of automatic
grouping of industrial products and a new algorithm based
on an optimization model of k-means with Mahalanobis
distances and a trained covariance matrix can reduce the
proportion of errors (increase the Rand index) when iden-
tifying homogeneous production batches of products. The
presented new genetic algorithm for the k-means problem
with the original idea of using one procedure as the cross-
over operator and the mutation operator demonstrates a
more accurate and stable result of the objective function
value in a fixed execution time.
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THE INFLUENCE OF THE METHOD OF FUEL SUPPLY INTO THE COMBUSTION CHAMBER
ON THE QUALITY OF MIXING AND ON THE CARBON OXIDE FORMATION

A. V. Baklanov

Kazan National Research Technical University named after A. N. Tupolev — KAI
10, Marx St., Kazan, 420111, Russian Federation
E-mail: andreybaklanov@bk.ru

The burning of fuel in the combustion chamber of a gas turbine engine (GTE) is accompanied by formation of toxic
substances. The most dangerous among them are carbon oxides that have a detrimental effect on humans and environ-
ment. In this regard the article is solving the urgent problem of determining the optimal method of gaseous fuel supply-
ing in GTE combustion chamber to ensure low carbon-oxide emissions.

The paper presents the design features of injectors that work with a separate supply of air and fuel. Natural gas is
used as fuel. One of the considered injectors provides jet fuel supply by means of a perforated spray, and another one
provides twisted fuel supply by means of a swirler built into the fuel channel. The main geometric parameters of the
injectors are given as well, such as the size of the swirler, the number of blades, and the diameter of the output nozzle.

In this regard the quality of air-fuel mixture preparation in a swirl jet in the outlet of the burner with two types of in-
Jector is defined. It is found that the best quality of mixing is ensured by the injector with jet spray.

The design of a heat pipe simulator, in which the tested nozzle is placed, is considered. The design of a stand instal-
lation designed for testing injectors in a heat pipe simulator, as well as the modes under which these tests were carried
out, are presented. The results were obtained in a heat pipe simulator with installed jet injectors and injectors with a
swirling fuel jet. An analysis was conducted, which resulted in conclusions about the effectiveness of using jet injectors.
According to the conducted research, the parameters of the injector with a swirling fuel jet are characterized by the
presence of high values of CO levels in the combustion products, which is explained by the extremely low quality of
mixing fuel with air and, consequently, low efficiency of fuel combustion. Jet fuel injection has low CO values, which
indicates good quality of mixing fuel with air and high efficiency of a combustion process. As a result, we have received
recommendations on setting the selected type of injectors in a full-size combustion chamber.

Keywords: combustion chamber of gas-turbine engine, emission reduction, diffusion combustion, injector, burner,
mixing.

BJIMSAHUE CIIOCOBA IIOJIAYM TOIIJINBA B KAMEPY CI'OPAHUS
HA KAYECTBO CMEHIEHUA U OBPA3OBAHUE OKCHUJA YIVIEPOJA

A. B. baknanos

Kazanckuit HalMoHaNBHBIN HCCIeA0BATEIbCKUM TexHudeckuil yauBepcureT uM. A. H. Tynonesa — KAU
Poccuiickas ®@enepanus, 420111, r. Kazans, yn. K. Mapkca, 10
E-mail: andreybaklanov@bk.ru

Corcueanue monausa 6 kamepe c2Opanusi 2a30MypoOUHHO20 08ULAMENsE CONPOBONCOAemCsl 00PA3068aHUeM MOKCUUHBIX
sewecms. Ocobylo  onacHocmv cpedu HUX NPeOCmasisiom OKUCTbL yenepood, oKazvléaiowue epedHoe o3oelicmesue
Ha Yenosexa u okpydcarowyio cpedy. B ceszu ¢ smum ¢ cmamve pewaemcsi akmyanbhas 3a0a4a o ONPeoesieHuio
ONMUMATBLHO20 CnOCoba nodauu 2a3000pazno2o moniuea 6 kamepy ceopanus I'T/ 01 obecneuenusi HU3KO20 6bl-
opoca CO.

B pabome npeocmasnenvt ocobenHocmu KoHcmpyKyuu GopcyHoK, Komopwsie pabomarom ¢ pasoeibHol nooayel
6030yxa u monauga. B kauecmee monnuea ucnonvzyemcs npupoonulii 2az. O0Ha u3 paccmompenuvix QopcyHok obecne-
yueaem CmpyiuHylo nooayy moniuea npu ROMowU nepohopupo8aHHo2o pacnvliumens, a opyaas — 3aKpy4eHHYI0 nooawy
MONAUBA NPU NOMOWYU 3A8UXPUMENS, BCIMPOCHHO20 6 MONIUGHbI Kanal. Takoice npueedenvl OCHOBHbIE 2eoMempuye-
CKUe napamempul YOPCYHOK, maxue Kax pamepsl 3a6UXpUmMesi, KOIU4ecmeo 10namox, OUamemp 8blXxo0OH020 CONd.
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Ilpoussedeno onpedenenue Kauecmsa NOO2OMOBKU MONIUBOBO30VUIHOL CMECU 8 3AKPYUEHHOU CMmpye HA 8biX00e
U3 20peniok ¢ 08yMsL mMunamu OPCYHOK. Ycmanosneno, umo Hauiyyuiee Kauecmeo cmeueHust obecnewusaem QopcyHka
CO CMPYUHBIM PACHBLIOM MONIUGA.

Paccmompena koncmpyKyusi uMumamopa Jcaposoi mpyowl, 6 KOMopblil NOMeWAaemcs, UCnblmvleaemas JopPCyHKdA.
Ilpedcmasnena KOHCMPYKYusi cmMeHO080U YCMAHOBKU, NPEOHAZHAYEHHOU Ol UCHbIMAHUsL (POPCYHOK 6 UMUMAmMOope
24Caposoti mMpyoObl, A MAKI’CE DENHCUMbL, NPU KOMOPbIX OAHHBIE UCHBIMAHUS NPo8oounucs. Ilonyuenvl pezyivmanmoi
8 UMUMAMope H#caposoll mpybuvl ¢ YCMAHOGIEHHBIMU CIPYUHLIMU (POPCYHKAMU U POpCyHKamMu ¢ nodadell 3aKpy4eHHOU
monauenou cmpyu. IIpogeden ananuz, no pe3yibmamam KOmopo2o cOenansl 8b1600bl 00 IhexmusHoCmu npuMeHenus
CcmpyHbIX OPCYHOK. B coomeemcmeuu ¢ npogedenHbiMU UCCIE008AHUAMU NAPaAMempbl POPCYHKU ¢ NOOayell 3aKpy-
YEeHHOU MONIUSHOU CMPYU XAPAKMEPUYIOMcs. Haauyuem evlcokux suavenuti yposus CO 6 npoOykmax ceopanus, 4mo
00BACHAEMCS KPAUIHE HUBKUM KAYECMEOM NepeMeutuéanusi Mmonauéa ¢ 6030YXoM U, Cled08amenbHo, HU3KOU d¢hpex-
mugHocmb0 cocueanus monausa. Popcynka co cmpyunou nooauel monausa umeem Huskue snaverusi CO, umo ceu-
Odemenbcmeyem 0 XOpouilem Kayecmee CMEWEeHUss MONIUea ¢ 6030YXOM U BbICOKOU IPPeKmusHoCmuy opeanuzayuu
eopenus. B pesynomame nonyuenvl pexomenoayuu o nocmaHogke 8blOPAHHOZ0 MUNA QOPCYHOK 8 NOJHOPA3MEPHYIO

Kamepy c2opamus.

Kniouegvie cnosa: xamepa ceopanus I'T/], chusicenue eb1opocos epednvix geujecms, oug@ysuonnoe copenue, gop-

CYHKa, copenka, CmeueHue.

Introduction. The quality of the preparation of air-
fuel mixture in the combustion chambers of gas turbine
engines largely determines the level of emissions of toxic
substances, herewith the quality of mixing is ensured by
the way fuel is fed into the combustion chamber [1]. For
this reason, the issue of the reasonable choice of a fuel
supply method and determination of its influence on the
formation of toxic substances in the combustion products
of gas turbine engines is relevant. The main toxic sub-
stances in the combustion of hydrocarbon fuels are nitro-
gen oxides and carbon monoxide [2], therefore, reducing
the level of their concentration is one of the most impor-
tant tasks of engine manufacturers.

The burner unit of the annular combustion chamber
includes an annular plate in which swirling gas burners
are installed regularly around the circumference, between
the inner and outer shells of the flame tube (fig. 1). In the
center of these burners there are injectors that provide fuel

supply [3].

Fig. 1. Burner device of a serial combustion chamber:
I —injector; 2 — swirler; 3 — mixing chamber;
4 — jet nozzle

Puc. 1. Cxema ropesnounoro ycrpoiicra cepuiinoii KC:
1 — dopcyHKa; 2 — 3aBUXpUTEINb; 3 — KAMEpa CMEILICHNUST;
4 — COTUTIOBO# HACaIOK

The fuel supplied by the gas injectors / along the axis
of each of the burners is mixed in the mixing chamber 3
with the air flow swirling in the swirler 2. As a result,

in the primary zone of the chamber behind the nozzle
heads 4 of each of the swirling burners, flows of the fuel-
air mixture are formed, these flows have paraxial circula-
tion areas. The presence of such areas ensures the circula-
tion of hot combustion products and active centers from
the combustion zone to the base of the fresh mixture
torch, which creates conditions for stable ignition
and flame stabilization.

The fuel supply method can be jet in the form of fuel
jets and in the form of a swirling fuel jet. This paper con-
siders two injectors operating on gaseous fuel, which dif-
fer in the way of fuel supply [4].

The principle of operation of the first one is to supply
a swirling gas stream from the center of the burner. The
injector (fig. 2) includes: body 2, screw / with a nut
(plug) 3 and a throttling washer 4.

Fig. 2. Centrifugal gas injector:
1 —screw; 2 — injector body; 3 — nut (plug);
4 — throttling washer

Puc. 2. LlenTpoGesxHast ra3oBas GopcyHKa:
1 — mHex; 2 — kopmyc GpopcyHky; 3 — raiika (3ariyIika);
4 — npoccenupyrolas maida

The body of the injector 2 is made with an internal
passage for supplying gas and with the metering holes A
for gas outlet. The body has a flange with holes for attach-
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ing the injector to the combustion chamber body and a
threaded channel for installing the screw /. The throttling
orifice 4 is installed to provide the required gas flow
through the injector.

The injector operates in the following way: gas flows
from the gas collecting main through pipelines to the in-
jectors, passes through the fuel passage in the injector
body. Getting on the blades of the screw I, it twists and
leaves the metering holes A. Mixing with the air that goes
out of the burner swirler, the gas enters the combustion
chamber [4]. Such an injector can be classified as a cen-
trifugal gas injector.

The screw installed inside the injector body (fig. 3)
is a swirler with four blades twisted along a helical curve
of right-hand thread, stroke — 32 mm, blade thickness —
I mm.

N

N\

Fig. 3. Injector screw (swirler):
outer screw = 10'5 mm; Dinner screw = 5 mm;
o, =45°% a, = 4 mm; S;=5 mm

D,

Puc. 3. llInek (3aBUXpUTEH) GOPCYHKH:
I[Hap.um,: 10,5 MM; HBHYTP.LUH_: 5 MM; 0Ol = 450,
= 4 MM; 51 =5 MM

The second injector (fig. 4) differs from the first one
in that the screw is excluded from the design, and at the
tip of the injector there are four equally spaced holes (in-
stead of one hole) for gas outlet [5].

To check the quality of fuel-air mixing behind the
burner with a jet gas injector in comparison with a cen-
trifugal gas injector, additional studies were carried out
to determine the quality of the preparation of the
fuel-air mixture at the outlet from the burners with these
injectors.

Fig. 4. Jet gas injector. Four holes
with the diameter d = 2.9 mm

Puc. 4. Crpyiinas raszosas GpopcyHKa.
YetsIpe oTBepCTUS AUAMETPOM d = 2,9 MM
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The studies were carried out on a testing stand (fig. 5),
which includes three systems: air supply, gas supply and
measurement system.

The burner is placed on the test-bench equipment as
follows: the injector is installed in the receiver body, to
the connecting branch of which fuel is supplied. The
burner is placed with the sleeve part in the orifice of the
receiver cover. The fuel from the jet injectors is fed into
the inner cavity of the jet nozzle, as a result, fuel-air mix-
ture is formed at the outlet of the burner. The fuel is sup-
plied to the propellant feed system from the cylinder
manifold. Carbon dioxide (CO,) is used as a gas to re-
place methane. To measure the concentration fields at the
outlet of the burner, a coordinate device with a receiver of
the gas analyzer called PKU-4-MK-S is installed. This
device allows us to move the detector receiver axially and
radially. Concentration measurements are made from the
center of the burner, for which the nozzle axis “0”
is taken, with further movement of the sampling instru-
ment in both directions along the burner nozzle, across
the jet every 4 mm. According to this principle, measure-
ments are performed repetitively in seven sections:
at the nozzle exit section and every 50 mm up to the dis-
tance of 300 mm [6].

The measurements of CO2 concentrations in the
burner jets were also aimed at determining the distance
at which the concentration pattern is equalized, as well as
at fixing the rate of concentration change along the jet
axis [7; 8].

To visualize the intensity of the mixing process, fig. 6
shows the characteristics of CO2 = f (r), showing in detail
the change in the concentration over the cross section of
the swirling jet.

According to the data in fig. 6, it can be seen that be-
hind the burner with a centrifugal gas injector, there is no
significant expansion of the mixing area, which is associ-
ated with the formation of the high flow rate of fuel gas,
which leads to the high ejection ability of the jet forming
a narrow flow core, in which intensive mixing of fuel

Ti
rmax
corresponding to the value of 0.5, mixing does not occur,
since this area contains practically no fuel.

The burner with a jet gas injector has a wide concen-
tration field and its low level, which is explained by the
volumetric recirculation zone provided by the presence of
jet fuel supply, which makes it possible to mix fuel with
air throughout the entire volume of the swirling jet
formed behind the jet nozzle.

The quality of preparation was assessed analyzing the
dependence characterizing the maximum relative devia-
tion of concentration from the mean integral value of the
concentration field [9]:

with air occurs. Beyond the relative coordinate 7 =

C

max

C

mi

C= ~Co (1)

>

where C,, — maximum value in the measured concen-
tration field; C,,, — mean integral value of concentration.

In accordance with this dependence, the indicator of
the ideally regular distribution of the concentration of the

air-fuel mixture in the section is the value C=0.
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Fig. 7 shows that the best mixing quality in all seven
sections is observed for the burner with a jet gas injector.
That proves the quality of the mixture preparation.

The measurements of the concentration fields behind
the swirl burners confirm that the mixing process is
achieved in the burner with a jet gas injector due to the jet
fuel supply to the recirculation zone, and in the burner
with a centrifugal gas injector due to the high ejection
ability of the swirling fuel jet inside the air stream swirled
in the opposite direction [10].

Further studies comprised placing the injectors into
the combustion chamber in order to determine the emis-
sions of nitrogen oxides and carbon monoxide. The com-
partment is 1/8 part of a full-size combustion chamber,
consisting of an outer and inner shell, a flame tube with a
burner unit, in which four burners with injectors are in-
stalled. The combustion can is bounded by cooling side-
walls on both sides [11].

The combustion chamber compartment is studied on a
testing stand, the diagram of which is shown in fig. 8. The
stand is equipped with the necessary systems for measur-
ing and registering parameters. The stand includes a gas
turbine engine (blowing engine), which is used to supply
compressed air to the tested compartment of the combus-
tion chamber 3. Air is taken from the high-pressure com-
pressor, then it enters through the pipeline into the central
line /. Air consumption is measured by a flow meter.

CO, supply system

l

M

oy CCh

The stand is equipped with a measuring section 2 with
recording the readings of a pressure sensor 4, 5; the air
temperature is controlled by a chromel-alumel thermo-
couple 6. The fuel (natural gas) is supplied through the
fuel system 7 to the fuel manifold & of the combustion
chamber compartment, and then it enters the front-line
device and injectors. To measure the temperature in the
outlet of the compartment, a survey rake /2 is installed at
the outlet of it, the data from which is transmitted to the
recording equipment /3. To determine the composition of
combustion products, a gas sampling probe 9 and a line
for transporting combustion products /0 to the gas analyz-
ing equipment // are located at the outlet of the com-
partment.

The gas analyzer testo350 [12] is used to determine
the CO content in combustion products.

The compartments were tested under the following
conditions: Air pressure Pa = 1.37 kPa, Air flow
Ga = 1.72 kg / s, Air temperature Ta = 488 K, superficial
velocity speed A = 0.28. The change in the excess air ratio
was carried out by reducing the fuel consumption.

After determining the component composition of
combustion products for carbon monoxide, the emission
index EI, is calculated, according to the equation [13]:

Bl =Y, L) 5,107 ()

Hq

Fig. 5. Structure of test stand:
1 — Heater; 2 — outlet reducer; 3 — pressure gauge; 4 — cutoff valve; 5 — flow meter; 6 — tee joint; 7 — burner; § — gas analyzer;
9 — ventilation device for removing carbon dioxide from the working room; /0 — coordinate table; /1 — receiver; /2 — flow meter;
13 — electromagnetic valve; /4 — moisture separator; absolute pressure and CO, temperature sensors installed upstream
of the flow meter (throat); sensor for measuring pressure difference across the CO, path; absolute pressure
and air temperature sensors installed upstream of the flow meter; and sensor for measuring air pressure difference
installed upstream of the receiver

Puc. 5. IlpunnunuanbHas cxema cTeHaa:
1 — HarpeBarelb; 2 — BEIXOJHOW peAyKTOp; 3 — MaHOMETp; 4 — OTCEYHOM KJamaH; 5 — pacxoJomep; 6 — TPOWHUK;
7 —rope’ka; § — razoaHanu3arop; 9 — BEeHTHISALHOHHOE YCTPOMCTBO Al OTBOJA YIJIEKUCIIOTO Ta3a U3 paboyero noMereHus;
10 — xoopauHaTHBIH cTou; /] — pecusep; /2 — pacxonoMmep /3 — 371€KTPOMArHUTHBIN KilanaH; /4 — BIarooTAeNuTeNb
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Fig. 6. Field of CO, concentrations in various sections of a swirling jet:
a — centrifugal gas injector (CGI); b — with jet injector (JI)
¢ —nozzle cut; m— 50 mm; A— 100 mm; x — 150 mm; ¢ — 200 mm; o — 250 mm; A — 300 mm
Puc. 6. Ilone xonnenrpanuiit CO, B pa3IMYHBIX CEYECHUSIX 3aKPyUCHHON CTPYH:
a—1BI'®; b — CTD
¢ —cpe3 corura; m— 50 mm; A — 100 mm; X — 150 mm; © — 200 mm; 0 — 250 Mm; A — 300 Mm
Where L, = 16.7 — stoichiometric coefficient pco = 28.010 kg / kmol and p, = 28.964 kg / kmol

of methane combustion (kg of air / kg of fuel); a,— total
or local air-to-fuel ratio;n; — molar mass of the deter-
mined toxic substance; L, —molar air mass; y; — volume
fraction of a toxic substance (ppm). When calculating F7,

we have taken the following values of molar masses:

360

[14; 15].

According to the results of the measurements (fig. 9),
it can be seen that the value of the carbon monoxide emis-
sion index in the compartment with a jet gas injector has
decreased by half compared to the compartment with a
centrifugal gas injector.
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The results showed that it is preferable to use gas (by appropriate orientation and range of the jets) to dis-
distribution with the help of jet feed, which, in contrast tribute fuel over the air flow section with the required
to the supply of swirling fuel jets, not only increases concentration profile in the flame tube in a simple and
the interface of the mixed media, but it also allows us reliable way.

o
[

2.5

1,5 1

N L L L
| B
4 5 B 7

section number

Fig. 7. The quality of the preparation of the air-fuel mixture in a swirling stream:
m — the burner with centrifugal gas injector (CGI); @ — the burner with jet injector (JI)

Puc. 7. KauecTBO NOATrOTOBKU TOIUIMBOBO3IYIIHONH CMECH B 3aKpYUE€HHOMU CTpye:
m —ropenka ¢ LIBI'®; @ — ropenka ¢ CI'®

5 Fuel 7 Pq

10

/ 13
Thermocouple E

seating plate

Fig. 8. Stand for testing the sections of a combustion chamber

Puc. 8. Ctenn s uiccinefoBaHus OTCEKOB KaMEPhI CrOpaHHs
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Fig. 9. CO index at the outlet of the compartment:
¢-JI;m—CGI
Puc. 9. Uagexc CO Ha BBIXOJE M3 OTCEKa:
¢—CI'o; m—1BI'®
Conclusion.

1. The organization of jet fuel supply will allow us to
perform the most efficient combustion of gaseous fuel in
comparison with the fuel supply with a swirling jet, which
makes it possible to halve the index of carbon monoxide
in the combustion products of the combustion chamber
compartment.

2. Jet fuel supply provides better preparation of a fuel-
air mixture.

3. It is recommended to install a jet gas injector
as a measure to reduce carbon monoxide in combustion
products of a gas turbine engine.
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The study of heat transfer from combustion products (CP) to the impeller and the casing of gas turbines of liquid
rocket engines (LRE) is an urgent task.

The solution of the flow problem, taking into account heat transfer, in rotational flows, in the flowing parts of the
turbopump units (TPU) of the rocket engine, is carried out by the following methods: numerical methods; analytical
approach, when solving the equations of dynamic and temperature boundary layers; as well as using empirical depend-
encies. The temperature parameter of the gaseous combustion products and, as a consequence, the heat exchange be-
tween the combustion products and the structural elements of the flow part, significantly affects the working and energy
characteristics of the TPU LRE.

When designing gas turbines of LRE, it is necessary to take into account the presence of heat exchange
processes, the working fluid temperature distribution and the structural element temperatures in the cavities of the TPU
LRE (since energy losses and viscosity depend on the temperatures of the working fluid, and also determine the
flow parameters). The temperature distribution in the structural elements determines the performance and reliability
of the unit.

In the case of the use of cryogenic fiiel components in the TPU LRE units the heating of the component leads to the
implementation of cavitation modes and a drop in operating and energy characteristics. On the other hand, a lowered
temperature of the working fluid leads to an increased viscosity of the components and, as a consequence, a decrease in
the efficiency of the unit (especially when using gel-like components).

When studying heat transfer in the field of centrifugal forces for elements of rocket engine gas turbines it is neces-
sary to obtain a joint solution of the equations of dynamic and temperature boundary layers in the boundary conditions
of the flow parts.

This article offers a model of the distribution of dynamic and temperature boundary layers taking into account the
convective component (for the case of a gaseous working fluid, i. e. Pr < 1), which is necessary for the analytical solu-
tion and determination of the heat transfer coefficient in the boundary conditions of the flow cavities of the LRE turbine.
The energy equation has been analytically obtained for the boundary conditions of the temperature boundary layer,
which allows integration over the surface of any shape, which is necessary in determining the thickness of the energy
loss. Taking into account the integral relation, the heat transfer law of the turbulent boundary layer for the rotation
cavities is written. The equations for determining the heat transfer coefficient in the form of the Stanton criterion for
rectilinear uniform and rotational flows for cases of turbulent flow regimes were obtained analytically. The obtained
equations for heat transfer coefficients are in good agreement with experimental data and dependences of other au-
thors.

Keywords: heat transfer coefficient, temperature boundary layer, turbopump unit, power parameters, turbine.
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Hccneoosanue mennoomoauu om npodykmos ceopanust (IIC) k pabouemy xonecy u Kopnycy 2azosvix mypouH sHcuo-
KocmHwix pakemuwix osuecameneti (KP/]) sensemcs akmyanobHou 3a0ayell.

Pewenue 3a0auu meuenus ¢ yyemom meniooomMena npu 8paujamenbHblx me4eHUsxX 8 NPOmoUHbIX Yacmsax mypooHa-
cocubix azpecamog (THA) JKPI] ocywecmensemcst ciedyrowumu cnocooamu. YucieHHbIMU MemoOamu, AHATUMUYeCKUM
NnOOX000M NPU peueHuY YPasHeHUll OUHAMUYECKO20 U MEMNEPAMYPHO20 NOSPAHUYHBIX CLO€8, d MAKJNCe C UCHONb306d-
Huem amnupuyeckux sasucumocmeti. Ilapamemp memnepamypor 2azoobpasnvix TIC u, xax credcmeue, meniooomen
meoncdy TIC u KOHCMPYKMUBHBIMU DNIEMEHMAMU NPOMOYHOL YACTU 3HAYUMENbHO 6IUsen HA paboyue U dHepemuye-
cxue xapaxmepucmuxu THA JKP]].

Ipu npoexmuposanuu 2azoevix mypoun JKP/] neobxo0umo yuumeieames Haruyue menioo0OMeHHbIX BPOYeccos, pac-
npeoeiieHue memnepamyp pabouezo meia u memMnepamyp KOHCMpyKmueHulx 21emenmos 6 noiocmsax THA JKPJ (max
KaK dHepeemuyeckue nomepu U Ga3K0Cmb 3A8UCAM OM MeMnepamyp pabouezo meid, a maxodice onpeoensiiom napa-
Mempuvl meuenust). Pacnpedenenue memnepamyp 6 KOHCMPYKMUGHBIX 9AEMEHMAX ONpedesiiom pabomocnocobHOCHb
U HaoedCHOCMb azpezama.

B cnyuae npumenenus kpuoeenuvix komnonenmos monauea 6 acpecamax nooauu THA JKPJ], noooepes komnonenma
npUOOUM K peanu3ayuu KasUumayuoHHbIX PeNCUMO8 U NadeHuio paboyux u sHepeemudeckux xapaxmepucmux. C opy-
20U CMOPOHbL, NOHUIICEHHAS. MEeMNEPAmMypa paboue2o meia nPUSOOUN K NOGLIUEHHOU 8A3KOCMU KOMNOHEHMO8 U CHU-
arcenuro KT/ acpecama (0cobenHo npu uCnoIb308anUl 2e1e00PA3HbIX KOMNOHEHNO08).

Ipu uccnedosanuu menioomoasu 8 noje YeHMpoOeICHvIX CUIL OIS JeMeHmMOo8 2a3068bix mypour JKP/] neobxooumo
NOLYUUMb COBMECHHOE PeuleHUe YPAGHEHUL OUHAMUYECKO20 U MEMNEPAmypPHO20 NOSPAHUYHBIX ClOEE 8 SPAHUYHBIX
VCIOBUSIX NPOMOYHBIX YACMEIL.

Ipeonosicena moodenv pacnpedeneHust OUHAMUYECKO20 U THEMNEPATNYPHO20 NOSPAHUYHBIX CNI0e8 C YUemOM KOHBEK-
mueHoU cocmassioujetl (01 Cyyas 2azo00pasnozo pabouezo mena, m. e. Pr < 1), neobxooumas 0ns aHanumu4eckozo
peuienusi u onpeoenenus KOdQpduyuenma menioomoasy 8 2paHUYHbIX YCI08UAX NPOMOUHbIX nosocmen mypounst JKP/].
Ananumuyecku noyyeHo ypaeHenue dHepeuu O0iisl SPAHUYHBIX VYCIO0GUL MEMNEePAmypHO20 NOSPAHUYHO2O CNOSl, NO360-
JSIOUe20 8eCmU UHMeZPUPOSarUue no NosepxHocmu 1060t hopmul, HeobX00UMOe npu onpedeireHuy Moayur nomepu
onepeuu. C yuemom unmezpaibHo20 COOMHOUEHUS 3ANUCAH 3AKOH MeNnI000MeHa MypOYIeHMHO20 NOSPAHUYHOZ0 CLOs
ona nonocmeil epawenus. AHAIUMUYecKUM nymem noayueHvl ypagHerus O onpeoeieHus: Koddguyuenma menioom-
Odauu 6 eude kpumepusi Cmanmona OJisi NPAMOIUHEUHO20 PAGHOMEPHO20 U 6PAUAMENbHIX MeyeHull Olis Clyudes myp-
byrenmubix pesicumos mevenust. Ilonyyennvie anarumuyeckue ypaguenus st KOIQDOuyuenmos menioomoasu Xopouo
CO2NACYIOMCSL € IKCNEPUMEHMATIHBIMU OAHHLIMU U 3A6UCUMOCTISIMU OPY2UX ABNOPOS.

Kniouegvie crosa: kosghpuyuenm menioomoauu, memMnepamypHulil NOPAHUYHbIL CIOU, MYypOOHACOCHbII azpezam,
9HepeemuiecKue napamempsl, mypouna.

Introduction. Considering the features of heat trans-  methods use direct numerical simulation (DNS method)
fer in the flowing parts of turbopump units (TPU) of lig- and the averaged Navier-Stokes and Reynolds equations
uid rocket engines (LRE) is an urgent task. Currently, (RANS method). The choice of method depends on the
taking into account the features of the flow with heat complexity of the problem and the accuracy of the results.
transfer during the implementation of the potential and The RANS method is often used with the k-¢ and k-®
vortex rotational flow in the flow parts is mainly carried turbulence models [2—7]. The issues of heat transfer dur-
out by the following methods: using empirical equations, ing the flow around a curved surface with a longitudinal
numerical and analytical methods for solving differential  curvature of the working fluid gaseous flow were also
equations in partial derivatives [1]. considered in [8—10], where cases of flow around turbine

The first method does not always provide the required  blades were investigated. In [11], convective heat transfer
accuracy in calculating the hydrodynamic and thermal in a channel with periodic protrusions was studied on the
characteristics of rotational flows taking heat transfer into  basis of multiblock computational technologies based
account and requires additional specifying experimental on the solution of the Reynolds equations closed by the
studies. As a rule, this entails quite a bit more time and  Mentor model of shear stress transfer using the factorized

material costs for setting up and conducting research. finite-volume method and the energy equation on multis-
Numerical methods are quite difficult to use when car-  cale intersecting structured grids.
rying out engineering calculations and require their im- The analytical method allows obtaining analytical

plementation in specialized software. Numerical research ~ dependences applicable for engineering calculations in a
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wide range of possible variations of design and opera-
tional parameters. Analytical methods, as a rule, were
developed for a rectilinear uniform flow, and have a num-
ber of limitations. One of the earliest studies is the work
of E. L. Knuth [12], in which the analysis is based on an
extended Reynolds analogy with the transfer of heat,
mass, and momentum in a developed turbulent flow
in a pipe. The use of the velocity and temperature distri-
bution profiles in the boundary layer was proposed by
W. D. Rannie [13] and modified by D.L. Turcotte [14].
Turcotte sublayer analysis took into account the effect
of heat transfer on turbulence. The analytical methods
for determining the heat transfer coefficients proposed in
[15; 16] take into account convective heat transfer in LRE
chambers and are performed for a rectilinear turbulent
flow. A one-dimensional analytical model for subcritical
conditions was also proposed by S.R. Shine [17].

Design features of liquid rocket engine turbopump
units (LRE TPU) turbines and the object of the study.
During design, the diameter of the LRE TPU turbine is
selected taking into account the layout and ensuring the
minimum dimensions and is limited by the strength of the
turbine rotor. From the analysis of adiabatic work it is
known that with a selected working fluid the greatest
value of adiabatic work is achieved at high temperatures
and large pressure ratios.

The use of high temperatures is limited by the struc-
ture operability. LRE use uncooled turbines. Due to the
design features and materials used the working fluid tem-
perature in front of an uncooled turbine is limited, as a
rule, for a reducing gas of 1000~1200 °C, for an oxidizing
gas of 700-900 °C. The higher the temperature in front of
the turbine can be assumed, the less pressure should be in
front of the turbine. Due to the design features, LRE tur-
bines are single-stage and rarely two-stage.

High temperatures of the working fluid lead to tem-
perature deformations, including turbine disks [18]. When
designing the flowing parts of the units and assemblies of
the LRE TPU, it is necessary to take into account the
change in the working fluid flow temperature along the
length of the working channel, since the viscosity parame-
ter is a function of temperature and determines the flow
regime and, as a result, losses, in particular, disk friction
and hydrodynamic losses in the flowing part.

The optimal level of the turbopump units (TPU) en-
ergy parameters stability is ensured in the course of de-
velopment work by adjusting the geometric dimensions of
parts and assembly the gas-dynamic path units, choosing
technological schemes for dimensional processing, as-
sembly and turbine testing with the involvement of static
material significant amount. In this regard, the LRE TPU
energy parameters’ modelling represents an urgent scien-
tific and technical problem. The parameter optimization
of the workflow and the mathematical model of the pro-
pulsion system (PS) are considered by V.A. Grigoryev
[19], where the analysis of models was carried out and the
advantages and disadvantages for various design stages
were revealed.

The requirements for the TPU design are formed on
the basis of the tasks performed by the propulsion system
(PS) into which the TPU is integrated as a single unit.
And the requirements for the TPU design are formed on
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the basis of the tasks performed by the propulsion system
(PS), into which the TPU is an integral part with which it
is assembled as a single unit. Requirements for PS fully
apply to the TPU: to ensure at all engine operating modes
the supply of fuel components with the required flow rate
and pressure with a high degree of reliability and effi-
ciency; provide minimum dimensions and weight; sim-
plicity of design and minimal cost.

The main object of study where the potential and vor-
tex rotational flow occurs is the structural elements of the
flowing parts of gas turbines of the rocket engine: inlet
and outlet device, the cavity between the stator and the
impeller [20].

The research problem. In the generalized problem
formulation of fluid flow during heat exchange with the
surface of aggregates, such as compressors, expanders,
pumps of cryogenic components, etc., it is necessary to
take into account the change in flow temperature along
the length of the working channel, since viscosity, as a
function of temperature, mainly determines the flow re-
gime and, as a result, hydraulic losses [21].

For the case of incompressible fluid flow, it is neces-
sary and sufficient to jointly solve the equations of motion
and energy in the boundary conditions of the spatial
boundary layer [22]; for a compressible fluid, the system
must be supplemented with the equation of state.

The processes of heat transfer in power stations are
largely similar, but there are certain differences in the
analysis and derivation of heat transfer equations for the
boundary conditions of the liquid propellant rocket en-
gine. The main differences are as follows: extremely high
values of heat fluxes, temperatures and pressures, the
presence of high flow velocities, the initial turbulent state
of flows in the core, working fluids can be in a gaseous
and liquid state, surface curvature effects, the presence of
density and compressibility gradients, non-stationarity
heat fluxes and the presence of flow instability in the ac-
tive zone of heat transfer [23].

The heat transfer law of a turbulent flow of a spa-
tial boundary layer temperature. The integral relation
of the energy equation. For Prandtl numbers less than
unity (Pr < 1 is characteristic of gaseous working fluids,
including combustion products), the thickness of the dy-
namic boundary layer is below the thickness of the tem-
perature boundary layer, i. e., 6 < ot (fig. 1). At very low
Prandtl numbers (liquid metals), molecular thermal con-
ductivity is the main mechanism of heat transfer and can-
not be neglected even in a turbulent flow core. At low
Prandtl numbers, thermal resistance is distributed over the
entire flow section [24].

If we assume that at the boundary of the dynamic
boundary layer, the temperature changes due to the trans-
fer of velocity, and beyond its boundary — only due to
molecular thermal conductivity. This assumption is in
good agreement with Case's conclusions, since at very
low Prandtl numbers the thickness of the dynamic bound-
ary layer is much less than the thickness of the tempera-
ture boundary layer. Accordingly, thermal resistance is
present throughout the thickness of the temperature
boundary layer. Within the boundaries of the dynamic
boundary layer, thermal resistance is due to turbulent heat
transfer and outside the boundaries of the dynamic
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boundary layer thermal resistance is due to molecular
thermal conductivity.

Y
Ts

Fig. 1. Temperature distribution model
and dynamic boundary layers at Pr < 1

Puc. 1. Mogens pacnpeneneHus TeMIepaTypHoro
Y IMHAMUYECKOI0 TIOrpaHUYHBIX clloeB rpu Pr < 1

The equation of the thickness of the energy loss of the
temperature boundary layer could be considered as [25]:

61
ok u T-T
8= |—|1- 0 dy. 1
M IU( T5—T0de M
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The integration boundaries of the thickness of the en-
ergy loss (1) must be divided into two characteristic sec-
tions. The first integration section lies at the boundary of
the thickness of the dynamic boundary layer 6, the second
integration section lies at the boundary of the end of the
thickness of the dynamic boundary layer § to the end of
the temperature boundary layer 9,

The thickness of the energy loss equation (1) for the
distribution of the temperature model and dynamic
boundary layers under consideration, with the accepted
model of splitting into two characteristic integration sec-
tions, can be written as:

) S

. T-T , T-T,

Sy = [ 1- Ly [ 1--—lay. (@)
ol - )7 ol -

8

Using equation (2), it becomes possible to determine
the form of the heat transfer law for the case Pr < 1. For
further use, equation (2) needs to be integrated taking into
account the accepted laws of distribution of the velocity
profile in the boundary layer. Next, we first consider the
power-law profile, then the gradient profile.

The distribution of the dynamic boundary layer is ap-
proximated by a power function of the form

1

sl

The distribution of the temperature boundary layer is
approximated by a function of the form

1

T-T, (y m
TS_Z) 6t '
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Given the accepted model of the distribution of dy-
namic and temperature boundary layers and the distribu-
tion function of the parameters of the dynamic and tem-
perature layers, we write the equation for the thickness of

the energy loss:
il
y m
I-|=| |dy+.
[St J g

PN -
Pl 2"
+j[8j 1 (SJ dy. 3)

If we take into account that in the first term of equa-
tion (3), the distribution profiles of the dynamic and tem-
perature boundary layers coincide. Then, within the
boundaries of integration of the first term of equation (3),
the thicknesses of the temperature and dynamic boundary
layers coincide, i. e. §, = 8. Considering the second term
of equation (3), we note that there is no change in the
dynamic boundary layer along the Y axis at the integra-
tion boundaries and the flow velocity is equal to the flow
velocity in the flow core. Then the distribution of the dy-
namic boundary layer in the second term of equation (3)

can be written as
u_ (zjm 1
U \ 8

Also, in the second term of equation (3.3), a change in
the diagram of the temperature boundary layer occurs
only due to molecular thermal conductivity. It should be
noted that for this section of the profile diagram is as fol-
lows:

T-T,
T, =T

22
6[

Taking into account the condition of conjugation of
the temperature and dynamic profiles for the physical
model of thermal conductivity at Pr < 1 (fig. 2) with the
convective component, we write:

ﬂ:x(i_1j+1.
L-T, \38

In this case, the equation for the thickness of the en-
ergy loss, taking into account the accepted two-layer
model of the distribution of the temperature boundary
layer with the presence of heat transfer under the condi-
tion Pr < 1, can be rewritten as:

1

5;’2:1%]'" 1—(%}"’ y+1(1—(7{%—1j+1j]dy:
b o

Let us replace the variables in the equation of the
thickness of the energy loss of the temperature boundary
layer (4):
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Consider the first term of the equation:
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Fig. 2. The pairing of temperature and dynamic profiles
for the physical model at Pr < 1:
— — dynamic boundary layer with a power-law velocity
distribution; === — temperature boundary layer

Puc. 2. ConpsikeHue TeMrepaTypHOro U AMHaMHU4YE€CKOTr0
nipodmieit s puzndeckoit Mmogenu mpu Pr < 1:
e — JIMHAMHYECKHUI MOTPaHUYHBIH CIO0H CO CTENEHHBIM
pacIpeeeHIEeM CKOPOCTH; ===— TEMIICPATypPHBII
TIOTPAaHUYHBIHN CIOH

We define the second term of the equation to deter-
mine the thickness of the energy loss of the temperature

boundary layer:
3

2
5 sx(y—lj S
AZ:I—k(é—ljd ___\3 _ MBS )
)

2 25

3

Then the equation for the thickness of the energy loss
(4) taking into account (5) and (6) can be written as

w ms A(5-8,)

%o i) mr2) | > @

Taking into account that

—=X,

8t

after transformations we get

*% mS
% i) me2) ®

or

- ms  Mx-1)"

8 =
h (m+1)(m+2) 2x?

m X(x—l)z
(m+1)(m+2) 22 | ©

For the heat transfer law in the form of the Stanton
criterion, it is necessary to determine the derivative of the
temperature boundary layer on the wall of the heat trans-
fer surface. Since the derivative does not exist formally
for m < 1, we determine it from the accepted two-layer
model of turbulence with a laminar sublayer. Given that
in the laminar sublayer, the profiles of the dynamic and
temperature boundary layers coincide, based on the ac-
cepted model

2
0 [T—TO j U [aﬁvaH
8)/ TS _TE) =0 (XﬁV Uat ,
we express the thickness of the dynamic boundary layer
from (9):

(10)

ok

5= i :
m 7\.(36—1)2

(m+1)(m+2) 2x°

an

Then the temperature boundary layer thickness is de-
fined as

5 - i
' xm _k(x—l)

(m+l)(m+2) 2x

- (12)

Using the equation for the thickness of the energy loss
(12) and performing the transformations for the derivative
on the wall of the heat exchange surface of the tempera-
ture boundary layer distribution profile (10), and also tak-
ing into account the heat transfer law, we obtain

m+1
st . U o,V (13)
pC,U alv U 8o
xm _7\.()6—1)2
(m+l)(m+2) 2x
or
2
m _k(x—l)z m+l
S M . (m+1)(m+2)ﬂ 2x y
pCpUm+l (Xr_l\’
X ; (14)



ABMGMMOHHG}Z U paKkemHo-KoCmMu4deckas mexnuka

Considering the distribution profile turbulization de-
gree of the thermal and dynamic boundary layers
at m=7, we write

A 1

= . X
025_15 075 (<*10.25
pC,U "o,y (3yp)

}\‘ P 0,25
) [ix_bf_—l)J |
72 2x

For the practical implementation of the heat transfer
law, it is necessary to determine the value of o . It is

St

(15)

found from the condition that the laminar sublayer closes
with the turbulent profile [25] at y =5, and profile de-

gree at 7:
((m+l)(m+2)j *
« [ xm _K(X—l)z]x
1,5 (m + l)(m + 2) 2x

xm _7\.()(—1)2 (m+l
(m+1)(m+2) 2x (m+3)
Now we finally get the equation for determining the
laminar sublayer coefficient of the turbulent temperature

boundary layer distribution profile for the admitted
model:

(m+3)

(m+1)]m+1

1
o, =12,5496Pr'S .

We write the integral relation of the energy equation
of the boundary layers taking into account the heat trans-

fer law (14):
71, 36000 g )
o 09 y oV
4 1 aHW 6** 1 qu) ok _
to 1y
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Assuming relative characteristic thickness
8**
=il a7
€ 51@
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o 00 v oV

3 .
) m+l
0,012 56
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N (m+l)(m+2) 2x
= X
2 m—1
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T (1+¢?
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(8**)ﬁ pCp (T5 _TO).

t
We consider a rectilinear uniform flow under the fol-

lowing boundary conditions: % =0, H,=H,=1,

0H, OH
Y= — 2 =0 [26].
op Oy
Then the integral relation of the energy equation for
the rectilinear uniform flow (18) is transformed to the

equation

2

xm _K(x—l)z ﬁ
O s A (m+1)(m+2) 2x
%Stq}: 2 1 X
pC,Um! a v
T, (1+¢€2
L ‘PO( ) (19)

> .
(552 )1 pC, (5 -T7)
19
For a rotational flow realized in the cavities of energy
and power-generating units, the stream line is an annular
line. Let us write the integral relation of the energy equa-
tion (18) in cylindrical coordinates, taking into account
that for an axisymmetric flow at € = const the relations are
oH,,
=1, H, =1, =0,
0

8H(p _a_R
\'J

—o, y=R, H,=R, —2=
¢ v ¢ oy OR ¢

9 _o [27; 28]:
oo

a ok JE
JSESKP +?6t® =
2
xm _7\.()6—1)2 m+1
N (m + l)(m + 2) 2x
= 2 m—1 x
pCpUﬁ oy 2
1 Top <1+82)

> . (20)
(6:;)ﬁ pC,(Ts-Ty)
The integral relation of the energy equation (20) is
necessary for recording and determining the energy loss
thickness of the temperature spatial boundary layer, which
is included in the equation for determining the local heat
transfer coefficient in the Stanton criterion form.
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Local heat transfer under various laws of the ex-
ternal flow. For a rectilinear uniform flow, we neglect the
dissipative term and obtain the integral relation of the
energy equation (19) in the following form:

2
Mx—1) |

xm _
0 A (m+1)(m+2) 2x
ap T 2 el g
pCpUmH (XJT_IV
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(35)

Next, we separate the variables and integrate from
zero to the current value of the variables:
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Taking into account the heat transfer law equation
(14) and the resulting equation for the thickness of the
energy loss (23), we write:

xm - 7\.()C _ 1) m+l
A (m+1)(m+2) 2x
2 m—1
pCpUE oy 2
St= 5
— LH _ﬁ
3+m
AQ . “
pCpUﬁ
2m+2
i k(x—l)z (m+1)(m+3)
— m+1
y (m+1)(m+2) 2x '(3+m 3+m
. m-1 m+1
o 2

24
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After transformations and considering equations for

C
Mxp j and Reynolds

the Prandtl criteria [Prz
pUe

[Re =
u

local heat transfer coefficient in the form of the Stanton
criterion of a rectilinear uniform flow with a power-law
distribution profile of the velocity and temperature dia-
grams at Pr<1:

[

Then we will consider the rotational flow. Neglecting
the dissipative term in the integral relation of the energy
equation (20), we obtain

j, we obtain an equation for determining the

m+1)(m+2)

o' (m+3)Re,

1 2x

m+l
Prm+3

St =

a % JS sk 7\4
JSa—R(St(p)"r?Sup— LX
pCpU’”“
xm _K(x—l)z ﬁ
1 2 2
5 (m+1)(m+ )’Ll x . lizo. 26)
(X,;n_l\/ (6:;)”&1

We take into account that the rotational flow is real-
. . . U
ized according to the law of a solid body (E =o= constj

and then equation (26) is transformed to

ok

6 sk Sz(p 7\,
ErRY S
JepC,om!
2 \m+l
xm K(x—l)
m+1)(m+2 2x 1
|G e
af“lv RmH (gj(’;)mﬂ
We introduce the intermediate notation:
S =V
2
xm X(x—1)2 m+1
N (m + 1)(m + 2) 2x
B= 2 et
JepC om! a v
Then
vy B,
dR R 2 %2
Rm+1ym+l
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This equation is solved by the substitution method, heat transfer coefficient in the form of the Stanton crite-
where y=u9: rion for rotational flow according to the law of a solid
body for the case Pr < 1 can be defined as:

du dd ) B
RO RUY RS T 2
gl gael go | ( 208 (m +1)]m+3 §
- m+1 m—1
49 9\ . du B ppmez (O Re(m+3)
Ul —+— [+ 9—=—75>—-—-—.
R R) VRS L 2 2 .
um+1Qm+l pm+l 2 _2(m+3)-4
' ' N xm k(x—l) (m+1)(m+3)
The function 9 must satisfy the condition - . (30)
(m + 1)(m + 2) 2x
dy 3 1
—+—=0, then 9=—, where
dR R R Next, the rotational flow will be considered, which is
n3[gR2 (m N 3) carried out according to the free vortex
u = m+] ﬁ , law (UR=C = const) , in this case, the energy equation
m+
integral relation (26) takes the form
m+3 2 sk sk
yzgz‘;:iﬁwz dStcp +6ﬁ_ A %
R 2(m+1) dR R 2
JepC,Cm!
m3BR (m+3) [
| BR(m+3) )R(,,,H]’ (28) P\
2(m+1) xm _X(x—l) m+ n
+1 +2 2 m+l
x (| e )(mr2) 2 SRS )
X 2 Vet
— m- m+
JepC,om OV (8“P)
3 o 2 (x 3 1)2 il After replacement: -
m+ - —
wel| | (mr)(mt2) 2 o=
1 (R CR= T R
oy e a1
8y = R A m+1)(m+2 2x
0 2T D : (m+1)( ),,H ’
With the provision for the heat transfer law equations JepC,Cm*l a2

(14) and the resulting equation for the energy loss thick-

ness (28), we determine the Stanton criterion for rota- e solve the equation (31) similarly to the case of rota-

tional flow according to the law of a solid body of the  (jonal flow according to the law of a solid body for Pr < 1
power-law distribution profile of the temperature bound- by substitution y =u9, where

ary layer and Pr<1:

2 m+l
2 Vi1 m+3 p2
xm CM(x=1) ! Szl’ u:% (32)
» (m+1)(m+2) 2x R 3
2 m-1
JngpUE oy 2 Then the energy loss thickness is determined as

St= . m+l

_ _i sk D m+3
7\. . % m+1 6"9 = (Ej R N (33)

JepC,om! or, after substitution:
2 m+1
= R e o
(m+1)(m+2)  2x (m+3) ™t Bl
X - Rm+l JeoC Cm+1
= 2(m+1) epC,
oy 5

) - B = xm 2(x—1)2 ) ‘R (34)

(29) (m+l)(m+2)  2x

After the transformation and considering Prandtl’s cri- X m-1 /2
C a’ly
teria (Pr = “kp ] and Reynold’s (Re =ﬂ], the local
u L J
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Substituting the equation for determining the energy
loss thickness (34) in the equation of the heat transfer law

(14), we obtain
2

xm A (x - 1)2 i+l
by (m + 1)(m + 2) 2x
2 m—1
pCPU'"” af’]v 2
St= -
_ Sl s
A m+3
> X
JSCpCerl
2
m by ( Y 1)2 m+1 ‘R
- m+1
y (m-i—l)(m+2)m_1 2x Jomi3
ag”lvi
(35)
After transformations and with regard to the Prandtl
C U
EPr: ”kp j and Reynolds criteria (Re:ﬁ], we
p

determine the local heat transfer coefficient in the form of
the Stanton criterion for rotational flow according to the
law of the free vortex for the case Pr< 1:
1
St=

m+1
Prm+3

X

2
2Je xm _7»(36—1)2 " (36)

a™ ' Re (m+1)(m+2) 2x

10| 1g(2St/Cy)

Thus, the equations for the local heat transfer coeffi-
cient are determined in the form of the Stanton criterion
for various laws of the external flow for the power-law
profile of the velocity distribution in the boundary layer
for the case Pr< 1.

In fig. 3 shows the influence of the Prandtl criterion
on friction and heat transfer according to various studies
[29]. In the range of Prandtl number values Pr > 1, the
obtained theoretical dependences for dimensionless heat
transfer coefficients in the form of Stanton criteria, taking
into account the integral relation of the energy equation,
are in good agreement with the results of other authors.
Cf represents the friction coefficient.

The heat transfer coefficient in the form of the Nusselt
criterion is a product of the criteria of Stanton, Reynolds
and Prandtl Nu = StRePr.

The distribution graph of the dimensionless heat
transfer coefficient in the form of the Nusselt criterion
for turbulent rotational flow according to the solid body
law with the Prandtl criterion Pr = 0.7 is shown in fig. 4.
The theoretical dependence determined by the model
with a convective component gives the best agreement
with the results of experimental studies and does not
exceed 3.5 %. Also, the best convergence of the results
determined by the model with the convective component
is given by the theoretical dependence obtained by the
affine-like model and the theoretical dependence
obtained by J. M. Owen [30] and do not exceed 1.5 and
2.66 % respectively.

Discrepancy of theoretical data obtained by theoretical
dependence using a model with a convective component
with a dependence obtained by I. V. Shevchuk [31] ac-
counted for 9.5 %. A discrepancy with the dependence
obtained L. A. Dorfman [32] is 16.7 %.

---------- Karman T., Reichardt IT.

----- Reynolds O.
lgPr

0,1 & 10 100

0.1 AN,

0,01

1000 - - - Reichardt H.
=+ =-Colburn A.

— — Prandtl L., Shirokov M.

. —-—Karman T.

— - Rubezin M.

—— Theoretical dependence

Fig. 3. Comparison of various theories of the analogy between friction
and heat transfer in turbulent flows at Re = 10’

Puc. 3. CpaBHEHHE pa3IMYHbIX TEOPUil aHAJIOTHH MEXKIY TPCHHEM
¥ TEMI00GMEHOM B TypGyICHTHBIX MTOTOKax i Re = 107
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Fig. 4. The dependence of the dimensionless heat transfer coefficient
of turbulent rotational flow according to the law of a solid body at Pr=0.7
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Fig. 5. The dependence of the dimensionless heat transfer coefficient
of a turbulent rotational flow according to the free vortex law at Pr= 0.7

Puc. 5. 3aBucumocth 6e3pa3MepHOro ko3 duirenTa TeIo0Taa4n TypOyISeHTHOTO
BpAI[ATEIbHOr0 TEYEHHMS 10 3aKOHY CBOOOAHOTO BUXps mpy Pr= 0,7

In fig. 5 shows a distribution graph of the dimen-
sionless heat transfer coefficient in the form of the Nus-
selt criterion for the turbulent potential rotational flow
according to the law of the free vortex under the Prandtl
criterion Pr = 0.7. The theoretical dependence, which was
determined by the model with a convective component, is
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in good agreement with the results of experimental studies
and does not exceed 5 %.

The discrepancy between the theoretical data obtained
from the theoretical dependence using the model with the
convective component and the model with affine-like
profiles does not exceed 3.5 %. The theoretical depend-
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ences obtained from the distribution models of the tem-
perature and dynamic boundary layers with a convective
component and with affine-like profiles at Pr = 0.7 give
fairly close results, due to the close similarity of the dis-
tribution of the temperature and dynamic layers, and are
close to the case Pr = 1.

From the fig. 5 graph we can conclude that the ob-
tained theoretical dependences are in the region deter-
mined by other authors, but the comparison of the results
is not correct, since the theoretical dependences were ob-
tained for other boundary conditions of the potential rota-
tional flow according to the law of the free vortex.

The obtained theoretical dependencies and the de-
pendences of other authors are in the same range and are
suitable for engineering calculations and data analysis. It
should be noted that the boundary conditions of flow and
heat transfer, such as speed, viscosity, density and tem-
perature gradient of the working fluid and heat transfer
surface, significantly affect the dimensionless heat trans-
fer coefficient in the form of the Nusselt criterion.

Conclusion. The integral relationship of the energy
equation of the spatial boundary layer temperature, allow-
ing integration over the surface of any shape, which is
necessary to determine the energy loss thickness, was
obtained. The equations for determining the energy loss
thickness of the spatial boundary layer temperature are
necessary to determine the local heat transfer coefficients
for typical flow cases taking into account heat transfer.

The equations for determining the local heat transfer
coefficient in the form of the Stanton criterion for a recti-
linear uniform flow, a rotational flow according to the law
of a solid body, and a free vortex rotational flow of a
power-law profile of the dynamic and temperature bound-
ary layer distribution parameters for the case Pr < 1 were
obtained analytically.

The analytical equations for the heat transfer coeffi-
cients are in good agreement with the experimental data
and dependences of other authors.
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FLOW DYNAMICS IN THE RADIAL-ANNULAR CAVITY OF TURBOMACHINES
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This paper considers the problem of modeling a rotational flow in the radial-annular cavity of turbo machines with
fixed walls. This case corresponds to the boundary conditions of the supply channel for a radial centripetal turbine. In
the presented model, the flow is conventionally divided into radial and circumferential movement. The radial compo-
nent of the velocity is determined by the mass flow rate from the continuity equation, the circumferential component is
formed by the tangential channel supply. The main equation in the integration is the equation of the change in the mo-
mentum for the flow in the form of the Euler equation. In the case of the circumferential component of the velocity, the
angular momentum law is used, assuming the potentiality of the flow and the constancy of the angular momentum
within the integration step. As a result of the transformations of the motion equations, differential equations for the ra-
dial, circumferential component of velocity and static pressure are obtained, which represent a certain system of three
equations in three unknowns. The system of equations allows integration under known boundary conditions at the inlet;
as a result of integration, it is possible to obtain the field of distributions of velocities and pressures along the radius of
the radial-annular cavity. The results of the study can be used in modeling the circumferential and radial forces on the
rotor (impeller) of turbo machines.

Keywords: radial-annular cavity, turbo machine, flow dynamics, continuity equations, Euler equations, boundary
conditions, impeller.

JTUHAMMKA ITIOTOKA B PAJMAJIBHO-KOJIBLEBOM NOJIOCTU TYPBOMAIIIMH
A. A. Kumxua*, }O. H. IlleBuenko

Cubupckuii rocyTapCTBEHHBIN YHHBEPCUTET HAYKH U TEXHOJIOTHI MMeHH akanemuka M. @. Pemernena
Poccuiickas @enepanus, 660037, r. KpacHosipek, npoctt. uM. ra3. «KpacHosipckuit pabounii», 31
*E-mail: spsp99@mail.ru

B pabome paccmompena 3a0aua Mooeruposanus 6pauamenbHo20 medeHust 8 paoudibHo-KoIbYesol noI0Cmu myp-
OOMAWUH ¢ HENOOBUNCHBIMU CMEHKaMU. JlanHblll pacuemmublil Cyuati COOmMEEemCcmayem ePAHUIHbIM YCI08USIM NOOB0-
Ose20 KaHana 01 paouanbHOU YeHmpocmpemumensHou mypouHvl. B npeocmasienHou mooenu HOMOK YCI08HO
pasoenen Ha paduaivbHoe U OKpPYJICHoe OsudiceHue. Paduanvhas cocmagnsiiowas cKopocmu Onpeoeisiemcs Macco8blm
PAcxoo0om u3 ypasHeHus. HepaspbleHOCMU, OKPYICHAS COCMAGISIOWAs hopmupyemcs: maHeeHYuaibHblM KAHATbHbIM
1n006000M. OCHOBHBIM YPABHEHUEM NPU UHINESPUPOBAHUL AGISAECS YPAGHEHUE USMEHEHUS KOIUYeCmead 08UNCeHUs 05
nomoka 6 ghopme ypaenenusi Junepa. B ciyuae oxpysicHoll cocmasisiiowell CKOpocmu UCHONb3YenCsl 3aKOH USMEHEeHUs
MOMEHMA KOIUHeCMEa OBUNCEHUS NPU OONYUWEHUY NOMEHYUATLHOCIU NOMOKA U NOCMOSIHCIMEA MOMEHMA KOIUYeCmad
ogudicenusl 6 npedenax waza uHmezpuposanus. B pesynomame npeobpazoeanuii ypasHeHull KOauvecmea OBUNCEHUS
nonyuenvl Ougepenyuanvivie ypagHenus O pAOUANbHOU U OKPYICHOU COCMABIAIOWUX CKOPOCMU, d MaKdice
0L CMamuy4ecko20 0agieHUs, NPeOCmasisioujie OnpeoesieHylo CUCIeMy Mmpex YPAGHEHUT ¢ MpPemsl HeU38eCHIHbIMU.
Cucmema ypasHeHuti no360/1sem 6eCmu UHMeZPUPOBAHUEe NPU U3GECHIHBIX 2DAHUYHBIX YCIOBUX HA 6X00€, 8 Pe3yibma-
me UHMeZPUPOBAHUsL BO3MONCHO NOIYYUMb NOJe PACHpedeNeHUll CKOpocmell U OdeleHull no paouycy paoudibHO-
Konbyesol nonocmu. Pezymbmamel uccredosanuss mo2ym Obimb UCHOAb306AHbL NPU MOOETUPOBAHUU OKPYICHBIX
U paouanbHuIX YCUIUL Ha pomop (pabouee Koaeco) mypooMauiun.

Kniouegvie cnosa: paouanvbrHo-konvyesas noaoCcms, mypooMaund, OUHAMUKA NOMOKA, YPAGHEHUsL HEPA3PbIGHOCIU,
ypasnenus Jinepa, spaHuynble YCiosus, paboyee Koaeco.
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Introduction. Turbo machines of wvarious types
(pumps, compressors, turbines, expansion engines) are
currently being used everywhere. While designing and
constructing turbo machines, specialists often have to deal
with the issue how to model the movement of liquid flow
or gas flow in working cavities properly in order to assess
the distribution fields of velocity and pressure, friction
stresses, coefficients of losses and the overall energy effi-
ciency of a turbo machine [1-4]. The problem of model-
ing is complicated by the fact that the flow has a complex
spatial nature [5—6], for which it makes sense to decom-
pose the main system of equations into two projections —
radial and circumferential ones. The final form of the
system of equations of motion depends on the design
of the cavity of a turbo machine [7].

Herewith, we consider the problem of modeling a ro-
tational flow in a radial-annular cavity of a turbo machine
with fixed walls, which corresponds to the boundary con-
ditions of the supply channel for a radial centripetal tur-
bine. The approach presented in this work can be used to
calculate the turbines of other types.

Research task description. The main task of the
work is to obtain a system of equations that properly
describe the fields of pressure and velocity distribution
at the inlet into the impeller for the design case of flow
in the supply device of a radial centripetal turbine. It is
necessary to consider the following characteristic aspects
[8-11]:

— the correct formation (without losses) of the velocity
and pressure fields in front of the impeller mainly deter-
mines the value of the circumferential power of a turbine,
and, as a consequence, the overall efficiency of a turbine.

— the partiality, nonuniformity of the velocity and
pressure fields in this area determine the value of axial

load on the turbine rotor, which reduces the resource of
rolling units [12].

To solve the problem, it is necessary to transform the
equations of motion together with the continuity equation
in order to obtain expressions for numerical integration
for the flow rate and circumferential velocity components,
as well as static pressure, taking the mass velocity into
consideration as an initial parameter.

Basic assumptions and design flow diagram. The
radial-annular cavities of turbo machines with multidirec-
tional flows relative to the radius R can form a confusor
or diffuser flow. This flow is asymmetric, therefore, the
solution is considered in cylindrical coordinates with the
condition 0/0x = 0.

There are two possible cases of flow: purely radial
C = Vi and radial-circumferential C = (Vz* + U%)".
In both cases, we use the momentum conservation
equation for the mass fluid flow for the analysis. The
design diagram of the radial-annular cavity is shown
in figure.

The flow area in the radial direction Fy is defined as
follows:

Fp=2mR-n,,, (1)

where R is the radius of the cavity, ny, is the axial clear-
ance in the direction of the z coordinate.

The incrementation of the flow area in the radial direc-
tion:

dF. =2nR-dR. ©)

The equations (1) and (2) determine the geometric pa-
rameters of the flow area at the integration step, which
make it possible to find the radial velocity at a known
mass flow rate of the actuation fluid.
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Design diagram of a radial-annular cavity:

R, Z, a — coordinates; C, U, Vz — velocity components; Tog, To, —

friction stresses

in the radial and circumferential direction; ny. — normal gap clearance

PacuerHas cxema pa)I[I/IaHLHO-KOHLLIeBOﬁ II0JIOCTH:

R, Z, a — xoopnunatsl; C, U, Vp — KOMIIOHEHTBI CKOPOCTH; Tor, Toa —

HaIpsHKCHUs

TPEHUs B PAAHAIILHOM U OKPY>KHOM HaIpaBJICHUH,
719; — HOPMAJIBHBIN 3230p
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Mathematical model of the flow. The incrementation
in the change in the momentum for the flow in differential
form is determined by the equation:

d(p-F
deR -dR = (IZ]R R)‘dR+2szToR» 3)

dR

where m is a mass flow; V3 is a radial velocity compo-

nent; Ty is the circumferential component of the friction

stress on the wall, p is a pressure quantity.

Taking (1) into consideration, the equation for the ra-
dial velocity component has the following form:

m m

V =

= . 4
p'FR p'ZTCRnoz @
We change the equation (3) taking (2) into considera-

tion:
AV . dp

dF,
=Fy—+p—2L +1_,-4nRdR. 5
"aR T TRaR  Prar TR T ®)

We determine the derivative of the radial velocity
component using the equation (4):

dVp _ d_ m 3 —1il

dR dR\ p-2nRn, ) p-2nR’n’
dVp Vi
dR R’

(6)
The derivative of the flow area F g, considering (1),
is determined by the following equation:

dbp _ d

dR dR

Taking (6) and (7) into consideration, we rewrite the
equation (5) in the form:

(2n- Rn,,)=2mn,,. @)

—mVy dp
=F,—+2nn,_-p+1,, -4nR.
R R dR oz " P oR
Let us distinguish the derivative dp/dR in the equation:
dp —m 2mn, 4nR
—_— = — . — . TOR .
dR F,R Fj Fr ®)
Taking (1) and (4) into consideration we obtain:
dp pVR2 p 2tR
DLk P TR ©)
dR R R n,
or finally:
)
- 2
ap _ m _P_ZTor (10)

dR p-4n*-n>-R° R n,

It will be recalled that that when flowing to the center
of coordinates (-V7), the flow is confusor and vice versa.

For the radial flow, the system of equations (4) and (9)
is sufficient, with V3 = const. For the radial flow with a
circumferential component, the formula for the peripheral
velocity U is required. For the potential flow rot U = 0,
the following formula is satisfied:

U-R=C, =const. (11)
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The formula (11) completely determines the function
U = f(R), however, when integrating over the radius,
it is necessary to take into consideration the influence
of the circumferential component of the friction stress on
the wall 7,,; this friction stress reduces the values of Cy
for any direction of the radial velocity ¥z [13].

Next we find the formula for the circumferential
component of the velocity of the radial-circumferential
flow. We use the law of changing the angular momentum
[14-15]:

2 dU-R)

-dR = dF,, ‘R, (12)

where dF; is the friction force on the elementary volume
271y, dR.
Friction force on two surfaces (see fig.):

dF,, =4-1,, TR -dR,

mp

13)
We take the derivative of the equation (12) and take

into consideration (13):

au U
- =4
dR R

4nt R

m

>

m(Rd—U+Uj =4R-t,, -47R.
dR

We express the derivative:
auv U N 4nr, R
dR R o

Or taking U = wR into consideration we obtain the
equation:

(14)
m

do 20 4nt,

==__=2Z 15
dR R m (13)
Taking (11) into consideration, we finally obtain:
2
dc, _ 411R. Toa __ 2R7,, . (16)
dR 1 n, -p-Vg

The equations (14), (15), (16) can be integrated
autonomously without knowing the change in the pressure
field p.

Next, we find the formula for the static pressure for
the radial-circumferential flow. We use the equation for
changing the momentum for absolute speed (see fig.):

C=yr2+U?, (17)

Where Vi and U are determined by the equations (4)

and (11).
After transformations we obtain:
d(p-F
w2 . ar :M-dR+210R dF,,  (18)
R dR

where dF. = 4nRdR is the double lateral surface of the
elementary volume dV = 2nRny,dR, Fr = 2nRn, is the
flow area.

We define the derivatives of the velocities. The de-
rivative dVp/dR, according to the equation (6):

Ve Va

dR R’ (19)
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Considering the equation (11), the derivative
of the circumferential component on the elementary vol-
ume dV = 2nRn,,dR can be defined as follows:

aw__c

E— 20
R (20)

-
The derivative dC/dR according to the equation (17)
is defined as:

Gl 0) g o) )
=—(Vi+ Dy oy
1( UZ) [ZV 14 de
2 dR dR

We take into consideration the equations (19) and (20)
and continue the transformation:

ac _ 1(V2 UZ) 2Vd Y,
dR 2 dR dR
iC 1 [ .y C
i (vz +0?) = Q1)

Considering (21) we transform the equation (18) into
the following form:

Cm
= +p—R 421 ,-dF..
R Rgr TP Tgp TR

After substitution of the equations (1) and (2) we ob-
tain, respectively:

_ dp dFy

(22)

R _onn . 2dF. —4nRAR; Fy=2Rn,:
Thereupon:
Iy
€ 4R = Fy Py pTh | aR 4 41, 7 R-dR
R R ar R

We simplify the last equation by dR, as a result we ob-
tain:

—mC Fd_p

Fr
— +p—+4-n-R-1 23
R R p p R oR (23)
We express the pressure derivative:
d, 7 1 4nR-1t
LT pop e (24)
“dR RFR R Fp
Considering Vz= ri1/pFy, we obtain:
- 2.
b _ ’”ZC ) 3 (25)
dR  2nR°n, R m,

The equation (25) combined with the equations (4)
and (17) form a closed system of equations for determin-
ing the velocity and pressure fields in the radial-annular
cavity of turbo machines.

Conclusion. The mathematical model obtained in this
work can be used at complex modeling of radial centripe-
tal turbo machines for calculating the flow dynamics in
inlet and outlet devices. The model determines the fields
of velocity and pressure at the inlet and outlet of the rotor,
which is a condition that forms the vector of radial and
axial forces that determine the dynamics of the rotor, the
load on the rolling units, and, as a consequence, the re-
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source of a turbo machine in general. The approach pre-
sented in this work can be used to calculate the turbines of
other types.
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DEVELOPMENT OF THE HEAT PANEL OF THE SMALL SPACE APPARATUS
FOR NAVIGATION SUPPORT

V. V. Kolga*, I. S. Yarkov, E. A. Yarkova

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
*E-mail: kolgavv@yandex.ru

To clarify the trajectory of the spacecraft in a given orbit, the parameter of unmodeled acceleration is taken into
account. Today, in the design and manufacture of a spacecraft to meet the requirements of the technical specifications
for the maximum allowable values of unmodeled accelerations during the operation of on-board equipment, it is
necessary to take into account the effects of asymmetric heat fluxes from the panels of the spacecraft on the deviation of
its center of mass from a given orbit. This article discusses the problem of the influence of asymmetric heat fluxes from
the surfaces of the spacecraft emanating from the panels £ Z, + Y (deterministic and non-deterministic component) on
the level of unmodeled accelerations, which significantly affects the trajectory of the spacecraft.

In order to meet the requirements for the temperature control system in terms of ensuring efficient heat removal
from the on-board equipment devices and its distribution over the surface of the instrument installation panel, it is nec-
essary to significantly improve the technical characteristics of heat transfer and heat conduction processes in the
spacecraft. The analysis of the current thermal control system in modern satellites is carried out and its shortcomings
are revealed. A constructive option is proposed for creating an energy-intensive thermal panel, which allows more effi-
cient heat removal from devices and distribution over the panel. The designed thermal panel is a flat sealed panel of a
single complex design of aluminum alloy, made by the additive technology method. The dimensions of the thermal panel
are limited by the structural dimensions of the working area of 3D printers. At the moment, the main dimensions reach
600-800 mm. An increase in the working area in the future will enable the installation of large-sized electronic
equipment.

A two-dimensional mathematical model for calculating heat transfer processes in the designed thermal panel is
presented. For the calculation, specific average values are introduced that characterize the effective cross sections for
the vapor channels and the wick in the longitudinal and transverse directions, physical parameters (porosity of the wick
and its degree of liquid saturation).

Keywords: spacecraft, asymmetric heat fluxes, thermal control system, unmodeled accelerations, power thermal
panel.

PA3PABOTKA TEILJIOBOM ITAHEJIA MAJIOT'O KOCMHUYECKOI'O AIIITAPATA
HABUT'AIIMOHHOI'O OBECIIEYEHUSA

B. B. Konsra*, 1. C. SIpkos, E. A. fpkoBa

Cubupckuii rocy1apCTBEHHBIN YHUBEPCUTET HAYKU U TEXHOJIOTHH MMeHHU akanemuka M. @. PemerHesa
Poccwuiickas @enepaunsi, 660037, r. KpacHosipck, mpocrt. uM. ra3. «KpacHosipckuii padounii», 31
*E-mail: kolgavv@yandex.ru

s ymoyunenus mpaexmopuu 08UdCEHUs KOCMUHECKO20 annapama no 3a0aHHoll opoume y4umul8aemcs napamemp
HemoOenupyemo2o yckoperus. Ha ce2o0nswmnuii 0enb npu npoekmuposanuu u u320mogieHuu KOCMU4ecKo20 annapama
0ns obecneveHuss mpebo8aHuUll MeXHUYECKo20 3a0aHUsl K NPEOelbHO OORYCIMUMbIM 3HAYEHUAM HeMOOenupyembvix YCKO-
penuti npu pabome 60pmMoGOU ANNAPAMypsl, HeoOX00UM yuem G030eUCMEUsl HECUMMEMPUUHBIX MENJI08bIX NOMOKO8
¢ naueneli KOCMUYECKO20 annapama Ha OMKIOHEeHUe e20 YeHmpa mMacc om 3a0auHol opoumvl. B Ooannoil cmamve
paccmompena npobiema 6IUsHUS ACCUMEMPUYHBIX MENI08bIX NOMOKO8 ¢ NOBEPXHOCHIEl KOCMUYECKO20 annapamad,
ucxooawux ¢ namenei £Z, +Y (Oemepmunupoganuoll u HeoemepMUHUPOBAHHOU cOCMasnAouleli) Ha 8eTUYUHY YPOBHS
HeMOOenUpyembiX YCKOPEHUL, Ymo CYWeCmBeHHO GIuUsem Ha MPAeKMOPUIO OBUINCEHUS KOCMUYECKO20 annapamd.
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Jlna obecneuenuss mpebosanuil K cucmeme mepmopecyiupo8anius 8 acmu obecneuenus 3¢gekmusnozo omeooda
menia om npubopos 6OpPMoGON annapamypul U pacnpeoeietus e2o no NOGePXHOCMU NAHeU YCMAHOB8KY NPUOOPO8 He-
00X00UMO 3HAYUMENLHO YIYHULUIMG MEXHUYECKUE XAPAKMEPUCMUKY NPOYECCO8 MENIonepeoayu U menionpo8oOHOCU
6 Kocmuueckom annapame. IIposeden ananus oeticmeyioweil Cucmemvbl MepMopPeSyiIuPOBAHUsl 8 COBPEMEHHBIX CILYMHU-
Kax u evisieienvl eé nedocmamku. [Ipednoscer KOHCMPYKMUGHbLIL 6APUAHM CO30AHUSL IHEP2OEMKOU MENT080U NAHeU,
KOmMopasi no3eosiem 3ghghexmuenee omeooums menio om npubopos u pacnpedeisims e2o no naueiu. Cnpoexmuposan-
Hasl Meni06as NAnelb NPeoCcmagisen cobou NIOCKYI0 2epMEMUUHYI0 NaAHelb eOUHOU CLONCHOU KOHCMPYKYUU U3 A0~
MUHUEB020 CNILABA, U32OMOGLEHHYI0 MEMOOOM AOOUMUBHbIX MmexHono2uti. Pazmepvr meniosou namenu ocpaHuyeHbl
KOHCMPYKMUSHbIMU pazmepamu paboueti 30Hbl 3D-npunmepos. Ha cecoOusiunuti MOMeHmM OCHOGHbLE pa3mepbl 00X0-
osam 00 600-800 mm. Yeenuuenue paboueti niowaou 6 OarbHeluem 0acm 603MOICHOCb MOHIMANCA KPYRHo2abapum-
HOU paouodNeKmpoHHOU annapamypul.

Ilpeocmaenena  OsyxmepHnas — mamemamuueckas — Modelb — Osl  pacuemd  Npoyeccog  meniooomenda
8 CHNPOeKMUpPOBAHHOU Menogol naweiu. [us pacuema 8800AmMcs yOenbHblie CpeOHUe elUYUHbL, XapaKmepusyiowue
aghpexmusHbie ceuenus 0N NAPOBbIX KAHANO08 U PUMUIL 8 NPOOOTbHOM U HONEPEeYHOM HANPABNeHUsX, (husudecKkue
napamempbl (NOPUCHOCHb QUMUISL U CIENEHb €20 HACLIUWEHHOCTU HCUOKOCIBIO).

Kniouesvie cnosa: kocmuueckutl annapam, HeCumMmempuilble menjioeble NOMmoKu, cucmema mepmopecyiupoeanus,

HeMOOeﬂMpyeMble YCKOpeHus, curoeas menjioeas naneis.

Introduction. The development of space technology
at the present stage is characterized by the creation of
small spacecrafts for various purposes using a denser
placement of payload devices, which affects the uneven-
ness and asymmetry of heat fluxes from the panels of the
spacecraft.

Placing electrical devices with a high heat flux density
on small layout areas requires solving the problem of en-
suring the operating temperatures of equipment, structure
and spacecraft elements within strictly limited ranges at
all operating modes of the thermal control system.

To meet the requirements for ensuring the guaranteed
operating temperatures of the instrument seats, it is neces-
sary to increase the efficiency of the thermal control sys-
tem (TCS) by creating an energy-intensive panel that can
remove heat and efficiently distribute it over the space-
craft panel.

Taking into account the influence of asymmetry of
heat fluxes from the spacecraft panels in the spacecraft
motion model leads to the creation of a more accurate and
more reliable computational model of the spacecraft.

To meet the requirements of the technical design
specifications for the permissible level of unmodeled ac-
celerations arising during the operation of the spacecraft
onboard systems, it is necessary to take into account the
effect of asymmetric heat fluxes from instrument panels
on the possibility of deviating the spacecraft center of
mass from a given orbit.

The accuracy of determining the parameters of the
spacecraft trajectory, in addition to the obvious limitation
imposed by the composition of the available measurement
information, substantially depends on the degree of corre-
spondence of the dynamic model used for the numerical
integration of the spacecraft motion equations to the real
set of perturbations that form its trajectory.

To date, to refine the forecast of errors in the trajec-
tory of the spacecraft movement along the orbit, such a
parameter as unmodeled acceleration is used.

The total effect of unmodeled acceleration on the ac-
curacy of calculations of spacecraft motion is quite sig-
nificant. And, although the absolute value of unmodeled
accelerations does not exceed 107'%+107"® km/s%, the re-
sulting perturbations in the spacecraft coordinates can
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reach significant values [1]. The need to reduce the level
of influence of unmodeled acceleration on the spacecraft
trajectory requires the development of special measures to
minimize this effect.

The problem of reducing the values of unmodeled ac-
celerations arising from the influence of the operation of
on-board systems has a high degree of relevance, since,
on the one hand, it can serve to refine the already existing
trajectories of spacecrafts, and on the other hand, when
creating new vehicles, it will make it possible to refine
and optimize the computational dynamic model, minimiz-
ing energy consumption for adjusting the working orbit
(which will lead to a decrease in the total mass of space-
crafts) [2; 3].

Analysis of the current thermoregulation system.
To reduce the level of unmodeled accelerations and take
them into account in the computational dynamic model,
we have developed an a priori model that allows us to
clarify the physical processes of thermal radiation of on-
board instruments and spacecraft systems, corrected and
refined during flight tests. At the same time, it is neces-
sary to take into account the correctness of setting the
values of thermal and mechanical loads and the duration
of the load cyclogram modes during «normal operation of
the spacecraft», as well as the accuracy of the heat release
cyclogram of the onboard equipment of the automatic
voltage stabilization complex in terms of the absolute
values of heat release and the duration of operating
modes.

At the present time, the available estimate of the accu-
racy of the cyclograms of the heat release of the automatic
voltage stabilization complex is up to 150 W and the du-
ration of the modes is up to 4 hours.

Cyclograms are necessary to take into account the
asymmetry of the spacecraft's own thermal supply, and at
the same time should not exceed 10 W (short-term heat
emissions) and 5 W (long-term heat emissions).

The processing of data from temperature sensors on
board the spacecraft in order to calculate heat fluxes is a
complex task from the methodological and computational
point of view, the solution of which, taking into account
the capacities of the onboard information computer com-
plex, is not possible in space. Thus, the task of processing
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measurements of temperature sensors should be solved in
the ground control complex.

At present, it is not possible to meet the requirements
for minimizing unmodeled accelerations by existing TCS
without additional energy costs and changes in the space-
craft dimensions. The implementation of this requirement
should be carried out through new layout solutions at the
spacecraft level, taking into account the precise determi-
nation of the values of heat fluxes and cyclograms of heat
release onboard equipment.

To date, in navigation spacecraft they use a thermal
control system [4-9], which is a honeycomb panel with a
liquid collector built into it. The production of a three-
layer honeycomb panel (with various types of honeycomb
filler) is carried out using the following technology:

— production of component parts, including honey-
comb filler, skins, reinforcing and embedded elements,
heat pipes;

—joining (bonding) the surface of the shelves of heat
pipes with sheathing using heat-conducting glue;

— connection (bonding) of sheathing with honeycomb
core and built-in embedded elements.

The assembly (bonding) of the three-layer honeycomb
panel is carried out on the technological equipment (table)
through a special gasket. The required pressure is pro-
vided using a vacuum bag covered with a layer of thermal
insulation.

Bonding is carried out in a thermal oven for the re-
quired time at an elevated temperature (about 125 °C),
which is increased stepwise to the bonding temperature,
thereby providing the required exposure (about 3 hours),
and then gradually cooled to ambient temperature. In par-
ticular, film glue VK-51 TU1-596-212-85 is used to bond
the sheathing with honeycomb core

The analysis showed that in the manufacture of large-
sized three-layer honeycomb panels with thin aluminum
skins, it is first of all necessary that the technological
equipment used be made with a high degree of flatness
and surface cleanliness, and that spacers made of alumi-
num sheet were used to exclude the influence of the dif-
ference in the coefficient of thermal linear expansion be-
tween equipment and honeycomb panel.

The disadvantage of the said method is the possibility
of using this technology for honeycomb panels
with dimensions only up to 2000 x 3000 mm. When po-
lymerizing large panels, it is necessary to use composite
backing sheets.

Due to an increase in the overall dimensions of hon-
eycomb panels (up to 3000 x 6000 mm), as well as a de-
crease in the thickness of the skins (down to 0.3 mm) used
for modern spacecrafts, and the need to improve the geo-
metric accuracy of the working surface, the use of solid
large-sized sheets, on the one hand, is unprofitable, given
the high cost of their manufacture and delivery, on the
other hand, it does not provide the required accuracy
(the overall flatness of the panel is not more than 1.5 mm,
the flatness is 0.1 mm at a size of 200 x 200 mm). Such
stringent requirements are due to the long period of active
existence of the spacecraft (up to 15 years), the trouble-
free operation of satellite instruments installed on the
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working surface of the honeycomb panel through heat-
conducting paste. In this case, the temperature difference
between the mounting surface of the device and the cas-
ing should be minimal, therefore, the flatness of the panel
should be as small as possible.

Thus, a significant disadvantage of the said method is
the complexity of manufacturing and insufficiently high
quality of honeycomb panels of large dimensions. Engi-
neering approaches aimed at solving this problem lead to
the need to reduce the overall dimensions of the honey-
comb panel and change its design to ensure more efficient
heat removal from the onboard equipment.

The calculated values of the operating temperatures of
the equipment based on the results of the thermal analysis
of the spacecraft must meet the requirements for the cal-
culated uncertainty, while the calculated uncertainty is
taken basing on the devices belonging to the temperature
group.

The current TCS does not provide a uniform efficient
heat removal from the spacecraft devices, «hot» spots
with extremely high power consumption of the devices
are created, the equipment overheats.

Asymmetric heat fluxes from the spacecraft surfaces,
emanating from the +Z, +Y panels (deterministic and
non-deterministic components), in turn, contribute to the
value of the level of unmodeled accelerations from vari-
ous onboard systems, which significantly affects the
spacecraft trajectory.

To solve this problem, we propose to use the heat-
conducting panels developed by us, which increase the
efficiency of heat removal from radio-electronic equip-
ment on board the spacecraft and have, at the same time,
much smaller dimensions. When working with such struc-
tures, it is necessary to develop a computational algorithm
for assessing the removed heat fluxes under different op-
erating modes of distribution of the heat load on the panel
surface. This algorithm is necessary both at the stage of
spacecraft development using such structures in the ther-
mal control system and in determining the optimal ar-
rangement of spacecraft instruments and equipment.

This paper presents a two-dimensional mathematical
model of heat transfer in a thermal panel. On the basis of
the model, an algorithm is described for assessing the
performance of the panel by capillary limitation for a
given distribution of heat flux density on the surface. The
model allows to obtain the temperature field distribution
on the panel surface.

Power thermal panel design. The power thermal
panel is a flat sealed panel, which is a single complex
structure of aluminum alloy, made by the method of addi-
tive technologies and consisting of two cross channels
with wicks, a porous structure, closed on all sides with a
thin layer of aluminum. The dimensions of the thermal
panel are limited by the structural dimensions of the
working area of 3D printers. At the moment, the main
dimensions are up to 600-800 mm. An increase in the
working area in comparison with hyper-heat-conducting
panels [10], the size of which reaches 100 x 300 mm,
makes it possible to install large-sized electronic equip-
ment.
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The structure of the channels inside the power thermal panel

CTpOCHI/Ie KaHaJIOB BHYTpHU CHJIOBOU TCPMOIIaHCIN

In this case, the internal structure of the panels is such
that the coolant moves freely over the entire plane of the
panel inside the cruciform channels with wicks filled with
a working fluid (ammonia, water, etc.) (see fig.). Heat
transfer along the panel is carried out due to the move-
ment of the working substance in the form of vapor from
the heating area to the condensation area through the va-
por channels and back, in the form of a liquid through the
wick. The main feature of a phase change thermal panel is
a highly efficient heat removal system and an even tem-
perature distribution over the panel surface with a differ-
ence of up to 1-2 °C. When heated, the liquid heat trans-
fer agent begins to evaporate and in the form of vapor
moves to the evaporation zone, then condenses, moves
through the wick in the form of a liquid to the heating
zone, thus distributing heat over the panel. The movement
of the working substance is carried out by capillary
forces, which does not require the use of pumps and com-
plex circuits for pumping coolant.

The capillary head of the wick must exceed the sum of
the pressures arising in the liquid moving along the wick
and in the vapor moving along the vapor channels. In the
opposite case, the wick under the heat-generating element
is drained, and the effective thermal conductivity of the
panel drops sharply.

The technology for manufacturing a power thermal
panel involves the modernization of its configuration by
introducing internal vapor channels with a wick, the spe-
cific dimensions of which are unknown and are selected
experimentally.

For the calculation, specific average values are intro-
duced that characterize the effective sections for vapor
channels and wick in the longitudinal and transverse di-
rections, physical parameters (porosity of the wick and
the degree of its saturation with liquid).

Mathematical model. Let us introduce the values
characterizing the effective longitudinal and cross sec-
tions for vapor channels and the wick [11-15]. Let us
define the following values to describe the vapor move-
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ment: Svx, Svy — the fraction of the effective section of the
vapor channel from the total section of the panel for the
longitudinal direction x and transverse y, respectively.
Similarly, for describing the fluid motion: Six, Sly — the
fraction of the effective section of the wick from the total
section of the panel for the longitudinal direction x and
transverse y, respectively. The Svx, Svy, Six, Sly values
are dimensionless and can be from 0 to 1.

The input conditions for the problem are the heat flux
to the panel surface O(x, y), where x € [0,H], y € [0,/].
Values H, W are the panel length and width. It follows
from the stationarity of the problem that the amount
of the evaporating coolant from the wick to the vapor
channels per unit area at each point of the panel is equal
to my = Q/ A, where A is the latent heat of pore formation.

For the movement of fluid in the wick, you can write
the mass conservation equation:

div my=—m /D, 0

where my = (my, my,) is the fluid mass flow inside the
wick, D is the panel thickness minus the panel body wall
thickness.

To describe the movement of the gas phase of the
coolant, we use a formula similar to (1):

divm, = ml/D, 2

where m, = (m,,, m,,) is the vapor mass flow in the vapor
channels.

The panel will work successfully if the pressure dif-
ference between the gaseous and liquid phases at each
point is less than the capillary pressure

p.- 2ccos6 ’ 3)
re
where rc is the radius of the pores of the wick, ¢ is the
coefficient of surface tension, 0 is the minimum angle of
wetting of the material of the wick by the coolant.
It is possible to find the pressure distributions in the
gaseous and liquid phases P,(x, y) and P(x, y) up to a
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constant. Since there is a point (Xmin, Ymin) inside the panel
(in the area of the condenser) at which P, = P; can be
taken, the pressure difference between the gaseous and
liquid phases can be written as follows

AP =PJx,y) - P(x,y) -

- (Pv (xmin’ ymin) - Pl (xmin; ymin))~ (4)

If max (AP) > P, then capillary forces will not be able
to pull up the coolant, the wick in the panel will dry out
and the panel will not work satisfactorily

Thus, the capillary condition for the panel operation
can be written as follows:

max(AP) <P.. )

The temperature distribution on the panel surface will
be determined by the saturated vapor temperature at a
given point, the heating power density and the thermal
resistance of the wick layer and the panel body:

T'(x,y)=Ts (P, (x,y) + O(x,») R, (6)

where R = R, + R,, is the sum of the thermal resistances
of the wick and the panel body wall. The thermal resis-
tance of the wick can be estimated: R, = ¢ /k ; where c is
the thickness of the wick (distance from the steam chan-
nel to the surface), & is the thermal conductivity of the
wick filled with a coolant.

The thermal resistance of the wall is: R,, = ¢ /k,,, where
t is the wall thickness, £, is the thermal conductivity of
the panel body material.

The transfer of a laminar flow of fluid in a porous
wick, depending on the type of wick, is determined either
by Darcy's law (for liquids obeying the Navier-Stokes
law)

~AP— L i +p [ =0, ©)

div # =0, or Poiseuille's law (one of the simplest exact

solutions of the Navier-Stokes equations).

_md 4 _
128nl

nR*
- p P
0 Sl (P —Py)

®

The kinetics of the liquid-vapor phase transition, i.e.
the rate of evaporation and condensation can be deter-
mined using the Kn criterion (the Knudsen number).
Maximum heat flux during evaporation from a flat surface
to vacuum

G = __LPx 9)
max N2TRoTx / | ’

where Ry is the universal gas constant, L is the latent heat
of vaporization. In some cases, the transfer of energy and
matter in heat pipes can occur with partial drying of a
porous wick. As a result, the calculation of the heat pipe
is based on the equations of the dynamics of the flow of
liquid and vapor, the description of the kinetics of phase
transitions at the liquid-vapor interface, as well as the
equations of energy transfer in the arteries of the tube,
in the capillary-porous part (wick) and in the pipe shell
itself.
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The flow of fluid in the porous body of the wick
should be described in more detail by Darcy's law

K
=— —% gradP .

X

m = pu Vi (10)

By integrating this equation, we get the pressure drop
at two points of the wick. Permeability K, depends on the
porosity IT of the wick and the degree of its saturation
with liquid by

Ky = f (1L, by). (1)

Another characteristic of a porous body is the differ-
ential curve of the distribution of surface permeabi-
lity AAK) (similar to the distribution curve of pores along
the radius). For a homogeneous material, such a curve can
be represented as a delta function of K or a linear combi-
nation of these functions

N
f(K)= ) 84i,

i=j

N
Ai satisfies the condition ZAi =1, Nis finite.  (12)
i=1

If AK) cannot be represented as a finite number of
functions, then the material is heterogeneous. If f(K) is
represented by one term, the material is homogeneous. If
a material is described by two or more functions f(K),
then it is heterogeneous. If A{K) depends on rectangular
coordinates x; (i = 1,2,3) and angular coordinates ¥, 6,
then the porous material is anisotropic. If there is no de-
pendence on angular coordinates, the material is isotropic

K2
P (K, <K<K, = j F(xiOy)dxidOdy .
K1

(13)

Conclusion. The presented mathematical model of
heat transfer processes in a thermal panel allows one to
predict various modes of operation of a heat transfer de-
vice for high-temperature cycles.

Thus, the use of a new design of a thermal panel in
small spacecraft will not only solve the problem of irregu-
larity and asymmetry of heat fluxes from spacecraft pan-
els, but also ensure the requirements of the technical
specification for the limiting level of unmodeled accelera-
tions during onboard systems operation.
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STUDY OF IMPELLER DESIGN PARAMETERS EFFECT ON THE AXIAL THRUST
OF A CENTRIFUGAL ELECTRIC PUMP ASSEMBLY

Z. A. Kuznetsova*, M. L. Sinichenko, A. D. Kuznetsov, I. A. Kleshnina, F. K. Sin'kovskiy
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This paper discusses and estimates the effect of some design parameters on the value of axial thrust appearing dur-
ing functioning of the core component of a spacecraft’s (SC) thermal control subsystem — electric pump unit (EPU). The
major causes of axial forces in centrifugal pumps of in-line arrangement are described and analysed. Design parame-
ters having an effect of axial thrust value are: impeller position relatively to EPU diffuser (position was chosen based
on dimension chain calculation), presence and size of discharging holes in the impeller, number and shape of impeller
vanes (numbers of 14 & 16 were considered). EPU impellers with different number and shape of vanes were designed
and manufactured. A series of experiments was carried out in order to research the effects of all aforementioned pa-
rameters: measurements of head vs flow curves and axial thrust values at given flow values. Each parameter’s contri-
bution in the value of axial thrust appearing during EPU functioning is evaluated. Vibration measurements were ob-
tained and analysed for electric motor DBE 63-25-6.3 fitted with different impellers. In this study, a DLP additive proc-
ess was used for impellers manufacturing, which significantly sped up the tests. Obtained results will extend knowledge
of processes taking place in EPU impellers, enable choice of the aforementioned parameters at design phase so to
minimise axial thrust appearing during functioning of a centrifugal EPU of a spacecraft’s thermal control subsystem.
Outcomes of this study are capable of improving SC reliability at all phases of its life because EPU axial thrust causes
its premature loss of operability.

Keywords: centrifugal pump, pump impeller, axial thrust, spacecraft thermal control subsystem.

NCCJEJOBAHUE BIIMSIHAA KOHCTPYKTUBHBIX TAPAMETPOB
PABOYET' O KOJIECA HA BEJIMYUHY OCEBOU HAI'PY3KH
HOEHTPOBEKHOI'O 3JIEKTPOHACOCHOTI' O AI'PEI'ATA

3. A. Ky3uenosa*, M. . Cunnyenko, A. JI. Kysueros, U. A. Kierauna, ®@. K. CHHBKOBCKHIA

AO «MHpOopMaIMOHHBIC CITYTHUKOBEIC CHCTEMbI» NMEHU akanemuka M. @. Pemerneray
Poccuiickas ®enepanus, 662972, r. XKenesnoropck KpacHosipckoro kpas, yi. Jlenuna, 52
*E-mail: u-z-a@yandex.ru

B 0annoti cmamve paccmampusaemcs u OYeHUBACMC sl GIUSHUE HEKOMOPBIX KOHCIMPYKMUGHBIX NAPAMEMPO8 HA Ge-
JIUYUHY 0CeBOU HAZPY3KU, BOZHUKAIOWEU NPpU pabome 21a6HO20 INEMEHMA AKMUGHOU HCUOKOCHHOU CUCIEMbL EePMOope-
yauposanus kocmuyeckoeo annapama (KA) — anexmponacocnozeo acpecama (OHA). Onucanvl u npoanaiusuposanvl
OCHOBHbIE NPUUUHBL BO3HUKHOGEHUSL OCEGOU HAZPY3KU 8 YEHMPOOEHCHOM HACOCE C «OCEBbIMY NPUHYUNOM KOMHIOHOBKU.
Hccnedosanucs KoncmpykmugHbie napamempbl, GIUsIOWUe Ha 6EIUYUHY 0CEBOU HAZPY3KU: NOIONICEHUE paboye2o Koe-
ca omuocumenvho oughgyzopa SHA (nonoscenue 6p16upanocs u3 pacuema pasmepuvix yeneli), Haauyue u pasmep pas-
2PY30UHbIX OMEEepCmull 6 paboyem Kojece, KOIUYeCmeo u Gopma ionacmeil paboyezo Koieca (PaccmMompero Koauye-
cmeo nonacmeti 14 u 16). bviiu cnpoexmuposansvl u uzeomognensvi paboyue xoneca IHA ¢ paznuunvim Koauyecmeom u
Gopmamu nonacmeii. Ilposeden pso dKCnepUMEHMO8 NO UCCIEO08AHUIO BIUAHUA 6CEX NEPEUUCTIEHHBIX NAPAMEMPO8:
uzMeperue pacxooHo-HanoOPHuIX XapaKmepucmux U 8eIUUHbl 0CeBOU HAZPY3KU NPU OOCMUNCEHUU ONPEOeNeHHO20 PaC-
xo0a. [ana oyenka 6xknada Kaxncoo2o u3 NepeducieHHviX Napamempos Ha GeUHUHY 0Ce8Ol HASPY3KU, BO3HUKAIOujell
npu QyHKYUOHUposanuu paboue2o Koieca. bviia nonyuena u npoanaruzuposana ubpouUIMepUmMenbHaAs UHGoOpMayus
Ha snexkmpoosueamene (/) ABD 63-25-6.3 ¢ ycmarnosnenHbiMu noouepeoHo paboyumu Koiecamu. B oannom uccieoo-
6AHUU UCNONB308ANIACH A0OUMUEHAsL mexHoao2uss nedamu DLP 0nis uzeomosiienust paboyux Koiec, Yymo 3HA4umenbHo
yekopuiio npoyecc ucnvimanui. Ilonyuennvie pezyivmamosl CHOCOOCMEYIOM PACUUPEHUIO 3HAHULL O BPOYeccax, npouc-
X00auux 6 pabouem Kouece, NO360ISLIOM OCYWEeCMEUNDb blO0OP GLIUENEPEUUCTIEHHBIX NAPAMEMPO8 HA IMANe npoeKmu-
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POBAHUSL, CHOCOOHBIX CHU3UMb GETUYUNY 0CEB0l HAZPY3KU, 803HUKaIowell npu pabome yenmpobescnozo IHA ¢ cucme-
me mepmopeynupoganus KA. Pezynomamol dannotl pabomvl cnocobHbl NOGbICUMb HAOENCHOCTND QYHKYUOHUPOBAHUS
KA 60 6ecv cpox akmusnozo cywecmeoganus, NOCKOIbKY NOGbluleHHas ocegas Hazpyska 6 DHA aensemca npuuunou

e20 npedicoespemMerHoll nomepu padomocnocoOHOCmL.

Kniouesvie cnosa: 146Hmp06€3/CHbllz7 Hacoc, pa60uee KoJeco Hacoca, ocesas HacpysKd, cucmema mepmopecyiuposa-

HUs KOCMU4ecKoeo annapama.

Introduction. Currently, there is a tendency for the
appearance of Platforms with a thermal power of 8 to 10
kW on the world market of telecommunication spacecraft
(SC) [1]. One of the possible options for structural design
of the thermal control system (TCS) of such Platforms is a
monophase active TCS with a liquid coolant [2].

The most important element of this system is the elec-
tric pumping unit (EPU) [3], which provides continuous
circulation of the coolant in the heat circuit, providing the
thermal regime of the target and service equipment. Fail-
safe operation of EPU during the entire active life of the
spacecraft is a key indicator of the reliability of the entire
spacecraft.

For the EPU of centrifugal type, reducing the axial
thrust acting on the bearing arrangements of the pumps is
one of the most important tasks of ensuring the long ser-
vice life of the EPU.

This article presents the results of a study of the effect
of the design parameters of the impeller of a single-stage
centrifugal EPU on the axial thrust.

EPU design. The studied EPU refers to the “axial”
principle of the layout: the main and standby centrifugal
pumps are installed on the same axis, while the EPU
housing is a single monoblock structure for both pumps,
in which spiral diffusers for each pump are made in one
piece [4]. In order to meet the high requirements for
tightness, the pump motors are welded into the EPU hous-
ing through a bimetallic adapter. Fig. 1 shows a single-
stage centrifugal EPU used in experiments in this study.

The technical parameters of such an EPU are pre-
sented in tab. 1.

Axial force in EPU. When the pump is started, an ax-
ial force of hydrodynamic origin, shown in fig. 1, begins
to act on the bearing supports 3 (fig. 1) of the rotor 2.

The presence of this force affects the durability
of the bearing supports 3 of the rotor of the electric
motor 2 (fig. 1). This was confirmed in the course of stud-
ies of bearings that worked out during life tests in the
electric motor of EPU. Inspection of the rotor bearings
showed that they have numerous traces of wear in the
form of dents, traces of friction, traces of metal transfer.
In the course of metallographic research, it was found that
these tracks are of a fatigue nature. According to the re-
sults of the study, it was found that the position of the
wear marks on the rings indicates the presence of an axial
thrust during the operation of the bearings. According to
[5], the nature of the formation of axial force is the differ-
ence in pressure values in cavities “A” and “B” between
the impeller and the casing. The area of the outer surface
of the main disc under the discharge pressure is larger
than that of the cover disc, which results in a static pres-
sure force directed towards the inlet funnel. Fig. 2 shows
the direction of action of forces in the EPU impeller.
In this case, the difference between F, and Fy is always
directed towards the flow entering the impeller, and
it is applied to the impeller, and through it to the bearing
supports of the pump rotor. Thus, based on the nature
of the formation of the axial force, it follows that
to reduce it, it is necessary to eliminate the difference
between F, and F.

The geometric parameters of the impeller of the stud-
ied EPU are shown in fig. 3.

Reserve pump

Ma jor pump )

\ E

2 s o i

o ]

1 |_||

msi
3 At S ([P
.._._::,.'\ j’

Fig. 1. Single-stage centrifugal electric pump unit:
I — electric pump unit housing; 2 — motor; 3 — journal bearing; 4 — impeller

Puc. 1. OnHoctynenyaTsii neHTpoOekHbIi DHA:
I — xopryc OHA; 2 — anexrponsurarens; 3 — paauaibHble MOMIUIHUKY; 4 — pabouee KoJ1eco
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Table 1
Technical parameters of EPU with standard impeller
Parameter name Parameter value
Head (AP), kgf/cm? 0.61
Flow rate (Q), m*/s 110-150
Rotational speed of the electric motor (n), rpm 5800
Power fluid LZ-TK-2
Axial thrust, N >98

PA Pﬂ
A B
1
Py
T’-’:
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[ |
—_——
[ NN |
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Fig. 2. The direction of the forces in the pump rotor:
A, B — pressured cavities; Pa — rotor top disk area;

Pg— disk with blades area; F's — axial force acting from the top disk;

Fp — axial force acting from the disk with blades

Puc. 2. HarpaBnenue neicTBus cui Ha pabouee koseco DHA:
A, B —1oaocTH, T NeHCTBYET JaBlieHue; P — IUIOMAAb MOKPHIBHOTO

JIcKa paboyero kojeca; P — IUIOIIAIb JUCKA C JIONATKAMU;

F5 — oceBas cuia, ISHCTBYIOIIAS CO CTOPOHBI IIOKPHIBHOTO JINCKa;
Fy — oceBas cuia, IeCTBYIOIAst CO CTOPOHBI OCHOBHOTO JHCKA

o
o |
= [,
![IA

Fig. 3. Pump impeller:
B — discharging holes

Puc. 3. PaGouee kosteco Hacoca:
B — pa3rpy304HbIe OTBEpCTHS
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According to the calculations, the value of the acting
axial thrust in an EPU of a similar design with an impeller
without discharge holes is in the range from 1 to 8 N,
depending on the pressure drop. According to the techni-
cal specifications for the electric motor, in order to ensure
the required service life, the axial thrust should not
exceed 8.7 N. In order to increase the service life of the
bearing supports, we will consider ways to reduce the
axial force without changing the design of the pump flow
path and minimal changes in the impeller.

The influence of the position of the end of the
impeller relative to the diffuser and the influence of
the presence of discharging holes. One of the simplest
ways to reduce the effect of axial force is to drill holes in
the main impeller disc. Full unloading of the rotor will be
achieved in the case (Pg - Sg) = (Pa - Sa) [5; 6].

Taking into account the current design of the pump
impeller shown in fig. 3, the total area of the discharging
holes is 9 % of the area of the holes required to com-
pletely unload the rotor from the axial thrust. The position
of the impeller relative to the spiral bend can affect the
flow conditions of the working fluid in its vicinity. Each
position of the impeller corresponds to a radial clearance
X (remote element A4, fig. 1), it affects the leakage
through the front seal (q;) and the rear seal (g,), shown in
fig. 2. In accordance with [6], any change in the gap in the
seals or the nature of the movement in the sinuses causes
an additional axial force due to the unbalanced part of the
pressure diagram arising from the impeller geometry. Let

us check experimentally the pressure values from the rear
side of the electric motor at different positions of the im-
peller relative to the spiral bend.

Experiment Ne 1. Study of the position of the end
of the impeller relative to the diffuser; discharge
holes are present. Setting up the experiment: the pres-
sure on the pump impeller is investigated at various
pressure heads. Pump configuration: the impeller has
relief holes shown in fig. 3, tests were carried out with
an electric motor DBE63-25-6.3 by measuring the pres-
sure in the bearing area (on the back of the electric
motor). The impeller is installed with different clear-
ances X (0 mm and 0.4 mm, see fig. 1) relatively to the
spiral bend. These clearances are obtained from the cal-
culation of dimensional chains. Fig. 1 shows a fragment
of the EPU used in the experiment with different clear-
ance X. The assumption is tested that at different clear-
ances different conditions of the flow of the power fluid
in the EPU impeller are presented, and at X = 0.4 mm
the pressure on the back side of the impeller will be
greater will lead to increased axial thrust. During the
experiment, the flow-pressure characteristics of the EPU
were measured [7].

Experiment Ne 2. Investigation of the position of
the end of the impeller relatively to the diffuser, the
discharge holes are closed. Setting up the experiment:
similar to experiment Ne 1, except for the configuration
of the impeller, since there are discharging holes in it. The
experimental results are presented in tab. 2—4.

Table 2

Flow-pressure characteristics of EPU, pressure drop is 0.4 kgf/cm’

Parameter name Atmospheric pressure Pressure of 1.2 kgf/cm?
Holes No holes Holes No holes
X=0 | X=04 | X=0 |X=04| X=0 |X=04| X=0 | X=04

Pressurze from the back of the electric motor, 015 01 0.24 0.24 0.05 0.06 0.43 0.423
kgf/cm

EPU inlet pressure, kgf/cm2 -0.08 -0.05 -0.05 | -0.05 0.13 0.13 0.14 0.129
EPU outlet pressure, kgf/cm2 0.32 0.35 0.35 0.35 0.53 0.53 0.54 0.529
Heat transfer fluid consumption, cm’/s 0.32 0.35 0.35 0.35 0.53 0.53 0.54 0.529
Consumption current, A >225 >225 228 >220 >225 >225 >228 >220
Heat transfer fluid temperature, “C 1.39 1.36 1.33 1.28 1.4 1.37 1.34 1.28

Table 3

Flow-pressure characteristics of EPU, pressure drop is 0.5 kgf/cm’

Parameter name Atmospheric pressure Pressure of 1.2 kgf/cm®
Holes No holes Holes No holes
X=0| X=04 | X=0 |[X=04| X=0 [X=04| X=0 | X=04

Pressurze from the back of the electric motor, 012 007 027 0.28 0.08 0.1 047 0.465
kgf/cm

EPU inlet pressure, kgf/cm2 —-0.06 —-0.03 —-0.03 0.027 0.15 0.15 0.16 0.15
EPU outlet pressure, kgf/cm® 0.44 0.47 0.47 0.473 0.65 0.65 0.66 0.65
Heat transfer fluid consumption, cm’/s 199 196 189 182 202 194 194 180
Consumption current, A 1.25 1,21 1.14 1.09 1.26 1.21 1.16 1.08
Heat transfer fluid temperature, "C 27.9 29.0 26.3 254 28.4 29.8 27.0 26.2
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Table 4

Flow-pressure characteristics of EPU, pressure drop is 0.6 kgf/cm®

Atmospheric pressure Pressure of 1.2 kgf/cm’
Parameter name Holes No holes Holes No holes
X=0 | X=04 | X=0 |X=04| X=0 |X=04]| X=0 | X=04

Pressurze from the back of the electric motor, 0.08 20.03 033 0.346 012 014 052 0.527
kgf/cm

EPU inlet pressure, kgf/cm2 —0.03 —0.005 | 0.002 0.19 0.18 0.19 0.18
EPU outlet pressure, kgf/cm? 0.57 0.6 0.595 | 0.602 0.79 0.78 0.79 0.78
Heat transfer fluid consumption, cm®/s 121 122 116 95 121 119 114 94
Consumption current, A 1.01 0.99 0.93 0.83 1.02 0.99 0.92 0.83
Heat transfer fluid temperature, "C 28.0 29.2 26.4 25.6 28.2 29.9 27.1 26.3

Let us compare the results obtained for different val-
ues of the clearance X and the presence or absence of
relief holes. Comparison will be applied to the value of
pressure from the rear side of the electric motor, since the
axial force arises from the pressure difference on both
sides of the impeller, and the value of the axial force itself
is characterized by the integral of pressure.

Study of the influence of the number and shape of
the impeller blades. According to [8], the number of
impeller blades should be 6—7 in order to obtain a stable
flow-pressure characteristic. In accordance with [9], the
rational number of blades for a low-flow pump is 4-6.
The pressure pulsations excited during the operation of
the EPU cause pressure fluctuations in adjacent cavities,
thereby affecting the direction, magnitude and nature of
the axial force. It was found that the geometrical and op-
erating parameters have a significant effect on the fre-
quency spectrum and amplitude of pressure pulsations [9].
It is assumed that an increase in the number of
blades leads to a more uniform distribution of speeds in
the impeller, which will entail a decrease in pressure pul-
sations, which will cause a change in the nature of the
movement of the liquid in the impeller. The task was to
determine the effect of the number of blades on the axial
thrust.

In this part of the experiment, additive technologies
were used. They allowed to reduce test time due to the
rapid production of various solutions. A printer with DLP
printing technology was used. The principle of operation
of which consists in gradual hardening along the sections
of the part by illuminating the photopolymer with ultra-
violet light. This technology made it possible to manufac-
ture EPU impellers without using additional soldering
operations, which positively affected the time spent on the
production of experimental parts [10]. Of all the available
printing technologies, this one is the most suitable be-
cause it allows the complex geometry of the impeller. The
printing error is equal to the error of a milling machine,
on which such impellers are usually manufactured. In
addition, this technology does not require auxiliary ele-
ments for printing (support), which are necessary when
using, for example, FDM technology, which decisively
affects the quality of the resulting part. For further confi-
dence in the results obtained using this technology, an
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experiment was carried out. Measurements of flow-
pressure characteristics and axial thrust were carried out
for an impeller made of standard material (AMg6M) and
an impeller of a similar design made of photopolymer, the
results are presented in tab. 5.

It can be concluded that the impeller made of photo-
polymer shows flow-pressure characteristics lower than
the impeller made of standard material, presumably due to
the absence of sharp edges. However, we assume that this
convergence is considered acceptable for a quick check of
design solutions.

Experiment Ne 4. Investigation of the influence of
the number of blades on the value of the axial force
arising during the operation of the impeller in the
EPU. With the help of the CAD - system, 3D models of
EPU impellers were designed, presented below [11-15].
The shape of the blades was chosen on the basis of ex-
perimental experience, it provides the necessary blade
frequency and allows you to obtain the flow-pressure
characteristics presented in tab. 1. This result is the most
suitable for the work of EPU. The subject of research in
this work is the axial thrust arising from the functioning
of the investigated impellers. The measurements were
carried out using the setup shown in fig. 4, alternately in
two types of enclosures shown in fig. 5. Vibration meas-
uring information was obtained and analyzed on the elec-
tric motor DBE 63-25-6.3 with alternately installed impel-
lers. Nominal parameters of EPU: the rotor speed of the
electric motor during all tests was 5900 rpm. When regis-
tering vibration accelerations, the transducers were in-
stalled in accordance with fig. 5.

Registration of vibration acceleration signals was car-
ried out using a set of means for multichannel recording
of vibration parameters based on an LMS SCADAS Mo-
bile measuring amplifier with the following recording
parameters:

1) signal recording bandwidth — from 7 to 10240 Hz;

2) registration mode — continuous;

3) recording duration — 30 minutes;

4) sampling rate — 20480 Hz;

5) the sensor provides a three-axis measurement;

6) start mode — manual.

Signal processing was carried out using software
LMS.Test. Xpress SA (during signal recording) in order to
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obtain the root mean square value (RMS) of vibration
acceleration.

The cavity in which the impeller is located is filled
with the power fluid LZ-TK-2. An axial force is created
from the side of sensor 1. The electric motor is switched
on. As the readings of the axial force on the sensor in-
crease, it is gradually increased until it stops increasing or
decreasing. When the force stops increasing, it means that
the axial thrust from the sensor side is equal to the force
from the impeller. The resulting value is the axial force
acting from the impeller.

The axial thrust was measured under the following
conditions:

1) the same flow path of the pump;

2) electric motor DBE 63-25-6.3;

3) the same position of the impellers relative to the
spiral bend, discharging holes are present (in accordance
with the calculation of dimensional chains X = 0). The
choice is due to the result of experiment Nel, according to
which, at X = 0 and the presence of discharging holes, the
pressure on the rear side of the electric motor decreased
from 4 to 8 times;

4) power fluid LZ-TK-2.

Consider the options for the tested impellers.

16 blades, shortened in comparison with the ones
of a standard impeller in fig. 2, axial thrust balancing
discharging holes are present. Tab. 6, 7 show the test
results of the impeller shown in fig. 6.

Impeller with 14 blades, which are shortened com-
pared to the standard one, discharge holes for axial
thrust compensation are present. Tab. 8—10 show the
test results of the impeller shown in fig. 7.

Two tests were carried out:

1) discharge holes with a diameter of 2.2 mm,;

2) discharge holes with a diameter of 3.2 mm.

After obtaining the results given in table 8, it was de-
cided to widen the discharging holes in order to verify the
calculations, according to which, with an increase of the
discharging holes to a diameter of 3.2, the value of the
axial thrust will decrease by 38 %.

Impeller with 14 straight blades. Tab. 11, 12 show
the test results of the impeller shown in fig. 8.

Impeller with 14 long blades. Tab. 13, 14 show the
test results of the impeller shown in fig. 9.

Tab. 15 shows the results of measuring the axial thrust
in the impellers above.

Table 5
Flow-pressure characteristics of an AMg6M impeller and a photopolymer impeller of a similar design
Impeller material Head (AP), Flow rate (Q), m’/s Rotational speed of the Power fluid
kgf/em? electric motor (n), rpm
AMg6M 0.61 110-150 5800 LZ-TK-2
Photopolymer 0.57 112 5800 LZ-TK-2
] |
% ]
7
S 1 — 1
! % N 1
| H
. " .
0 %
— L %/////////////////////////////%
1/ 3 6 5 4
Fig. 4. Measurement circuitry:
1 — sensor; 2 — the rod; 3 — rubber gasket; 4 — motor; 5 — impeller;
6 — inner cavity with power fluid
Puc. 4. Cxema n3mepeHus:
1 — natuuk; 2 — mToK; 3 — pe3nHoBoE yIuoTHeHue; 4 — DJ1; 5 — pabouee koineco;
6 — BHyTpeHHss nonocts DHA, 3anonnenHas LZ-TK-2
Table 6

Test results, discharge holes @ 2.2 mm

Pressure drop, kgf/cm?

Consumption, cm®/s

Axial force, N (g)

Electric motor speed, n, rpm

0,4

189

2.8 (290)

5900
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Fig. 5. Installation diagram of vibration transducers on the EPU electric motor

Puc. 5. Cxema ycraHoBku BuOponpeoOpaszoBareneii Ha 3] DHA

416
s T s e s e
|

Fig. 6. Impeller with sixteen blades. The blades are shortened
in comparison to the ones of a standard impeller

Puc. 6. Pabouee koneco ¢ 16 nomaTkaMy, yKOPOUCHHBIMH
10 CPAaBHEHUIO CO IITATHBIM

Table 7
RMS vibration acceleration of the impeller with 16 shortened blades
EPU type Rotation speed, RMS by range RMS by range RMS by range Average RMS vibra-
pm 10-10240 Hz, m/s* | 10-3200 Hz, m/s> 10-1000 Hz, m/s? tion acceleration,
m/s’ (g)
X Y 4 X Y V4 X Y V4 0.27 (0.026)
Type 2 5900 1.79 | 1.73 | 3.16 | 1.30 | 0.77 | 1.32 | 0.26 | 0.34 | 0.14
Type 1 1.36 | 1.75 | 2.80 | 0.81 | 1.02 | 0.84 | 0.22 | 0.32 | 0.32
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1416

Fig. 7. An impeller with fourteen blades. The blades are shortened
in comparison to the ones of a standard impeller

Puc. 7. Pabouee xoneco ¢ 14 nonarkamu, yKOpOUYCHHBIMU
10 CPaBHEHUIO CO MTATHBIM

R ™
ki
Ll )18

Fig. 8. Impeller with fourteen straight blades

Puc. 8. PabGouee koneco ¢ 14 npsMbIMU JIOIIaTKaMU

Test results, discharge holes @ 2.2 mm

Table 8

Pressure drop, kgf/cm® Consumption, cm®/s Axial force, N (g)

Electric motor speed, n, rpm

0.4 189 1.66 (170)

5900

RMS vibration acceleration of the impeller with 14 shortened blades

Table 9

EPU type Rotation speed, RMS by range RMS by range RMS by range Average RMS vibra-
pm 1010240 Hz, m/s*> | 10-3200 Hz, m/s*> | 10-1000 Hz, m/s> tion acceleration,
m/s* (g)
X Y Z X Y zZ X Y Z 0.27 (0.026)
Type 2 5900 1.47 | 1.96 | 3.12 | 0.87 | 1.31 | 0.95 | 0.36 | 0.44 | 0.20
Type 1 1.85 243|293 | 1.01 | 1.51 | 0.74 | 0.23 | 0.31 | 0.27
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Table 10
Test results, discharge holes @ 3.2 mm
Pressure drop, kgf/cm? Consumption, cm’/s Axial force, N (g) Electric motor speed, n, rpm
0.4 162 1.02 (105) 5900

Test results, discharge holes O 2.2 mm

Table 11

Pressure drop, kgf/cm? Consumption, cm®/s Axial force, N (g) Electric motor speed, n, rpm
0.4 227 2.69 (275) 5900
Table 12
RMS vibration acceleration of the impeller with 14 straight blades
EPU type Rotation speed, RMS by range RMS by range RMS by range Average RMS vibra-
rpm 10-10240 Hz, m/s*> | 10-3200 Hz, m/s> 10-1000 Hz, m/s* tion acceleration,
m/s (g)
X Y Z X Y Z X Y Z 0.41 (0.042)
Type 2 5900 2.79 | 273 | 346 | 223 | 1.73 | 1.19 | 0.40 | 0.56 | 0.28
|_i
M
ol IF
S :
“
]
|_i |
Fig. 9. Impeller with 14 long blades
Puc. 9. Pabouee koneco ¢ 14 IIMHHBIMY JIOITATKAMU
Table 13

Flow and pressure characteristics, axial thrust of impeller with 14 long blades,

discharge holes O 2.2 mm

Pressure drop, kgf/cm? Consumption, cm’/s Axial force, N (g) Electric motor speed, n, rpm
0.42 210 >2.69 (>275) 5900
Table 14
RMS vibration acceleration of the impeller with 14 long blades
EPU type Rotation RMS by range RMS by range RMS by range Average RMS vibra-
speed, 10-10240 Hz, m/s’ 10-3200 Hz, m/s* 10-1000 Hz, m/s> tion acceleration,
rpm m/s® (g)
X Y Z X Y Z X Y Z 0.41 (0.042)
Type 2 5900 373 | 443 | 3.16 | 297 | 3.14 | 1.63 | 0.42 | 0.51 | 0.30
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Table 15
Results of measuring the axial thrust in impellers with different blades
Ne Impeller type Axial thrust, N Ae:;ecr;%ialjixl? nga(ﬁg‘;“
1 16 short blades 2.84 0.27 (0.026)
2 14 short blades 1.66/1.02 0.30 (0.029)
3 14 straight blades 2.69 0.41 (0.042)
4 14 long blades >2.69 0.41 (0.042)

Conclusion. With the same clearance and only from
the presence of discharge holes, the value of the pressure
acting from the rear side of the electric motor decreased
approximately 2-3 times in the absence of pressure
and up to four times in the presence of pressure
of 1.2 kgf/em®. The introduction of discharging holes
for reducing the magnitude of the axial force acting
in the electric pump unit is a widespread measure due
to its simplicity and efficiency, which is confirmed by this
experiment.

There was no change in the magnitude of the pressure
on the rear side of the electric motor when the clearance
X was changed from 0 to 0.4. However, there is a small
change in flow rate (from 7 to 21 cm’/s) when the clear-
ance X changes from 0 to 0.4 in the case of holes present.
A similar phenomenon was not detected in the case of the
absence of discharge holes.

When comparing the case with the presence of dis-
charge holes and a clearance of X = 0 (case 1) with the
case of the absence of discharge holes and a clearance
of X = 0.4 (case 2), it was revealed that the pressure on
the back of the electric motor decreased from 4 to 8 times
in case 1 compared with case 2 in the presence of pressure
of 1.2 kgffem’. In the absence of a pressure
of 1.2 kgf/cm?, the pressure from the rear side of the elec-
tric motor decreased from 1.5 to 4 times.

The size of the discharge holes affects the amount of
axial force that occurs when the impeller operates. With
an increase in the diameter of the discharge holes by
45 %, the magnitude of the axial force decreased by 62 %.
A further increase in the diameter of the discharge open-
ings is considered impractical due to the increase in head
losses.

According to the results of the analysis of vibration
measurement information, for impellers with a different
number of blades of the selected shape, the amplitudes
of peaks above 1000 Hz prevail in the vibration accelera-
tion spectra. This value is the most suitable for EPU
operation.

With an increase in the number of blades from 14
to 16, the axial thrust increased by 4 %.

When changing the shape of the blade to a straight
line (variant 3 of tab. 15), the value of the axial force
increased by 62 %.

According to the results of the analysis of vibration
measurement information for impellers with a different
number of blades of the selected shape, the amplitudes of
peaks above 1000 Hz prevail in the vibration acceleration
spectra. This result is most suitable for the work of EPU.

The vibration acceleration spectra also show a significant
predominance of the peak amplitudes in the range above
1000 Hz. The minimum parameters of the RMS vibration
acceleration module are observed for the impeller with
16 short blades.

The use of additive DLP printing technology in this
study significantly accelerated the testing process.
Impellers made of photopolymer have flow-pressure
characteristics close to those of impellers made of stan-
dard material.
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The aim of this paper is to describe an energy saving automatized simulation test complex used for spacecraft power
supplies full-scale electrical ground-based tests. The complex allows you to simulate the operation of solar array, lith-
ium-ion-battery and spacecraft payload. The distinctive features of the test complex are a continuous and impulse con-
trol methods combination with an improved dynamic accuracy, and recuperation of consumed energy into its internal
DC network for the better energy efficiency. Test complex operational time from uninterruptible power supply accumu-
lator batteries is significantly increased due to the recuperation of excess power into the test complex internal DC net-
work. The results are experimentally proved.

The authors of the paper analyzed dynamic accuracy improvement and energy saving during ground-based space-
craft power system electrical tests. The process of ground-based spacecraft electrical testing includs the following
tasks.

— the accurate simulation of static and dynamic characteristics of spacecraft power system energy sources and
loads;

— the utilization of energy produced by power system under load and during spacecraft battery charge simulation.

The paper deals with the description of energy saving automatized simulation test complex (ESAST) including com-
plex subsystems structure and experimental study of the test complex characteristics.

Commercially available simulation test complexes usually use continuous or impulse control methods. The continu-
ous control methods decrease energy efficiency, as the most part of energy is dissipated on the regulator, which
requires massive heat sink, increasing weight and size. It makes difficult to produce high-power test complexes. The
impulse control methods provide better energy efficiency, but limit dynamics and real devices fast response reproduc-
tion accuracy. The paper describes the combination of continuous and impulse control methods with the aim of taking
the advantages of both.

The energy consumed by the test complex can be utilized either by the heat dissipation in the environment or by the
recuperation into industrial AC grid. The heat dissipation reduces the energy efficiency, increases the testing room tem-
perature (in case of high-power spacecraft power system) and an air conditioning system. The recuperation into AC
grid is free of specified disadvantages, but it requires the recuperated excess energy parameters matching with AC grid
requirements through the network of grid-tied inverters, which leads to the increase of weight and size of the test com-
plex. Moreover, the recuperation into AC grid is difficult during grid emergency shutdown, which can result in long test
failure. The paper describes the method of excess energy recuperation into the complex internal DC network. The
method significantly reduced test complex energy consumption, which in case of powering test complex from uninter-
ruptible power supply (UPS) notably increase operating time from UPS accumulator batteries during AC grid emer-
gency shutdown.

In conclusion the main advantages of ESAST are given:

— more than twice wattage reduction of test complex main power supply,

— the ability to work during AC grid emergency shutdown with increased operating time from UPS;

— the significant reducing of ESAST main parts weight and size.

Keywords: solar array simulator, battery simulator, electronic load, power supply system, energy saving.
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3HEPTOCBEPET AIOIIUI PIMPITAIIPIQHHO-HATYPHLIFI KOMIUIEKC
JJIA QJIEKTPHYECKHUX HCIIBITAHUU CUCTEM 3JIEKTPOIIMTAHUA
KOCMUYECKHUX AIIIIAPATOB

. K. JIobanos, E. A. Muzpax*, JI. A. Camoruk, C. b. Tkaues, H. B. Illtabens

Cubupckuii rocy1apCTBEHHBIN YHUBEPCUTET HAYKH U TEXHOJIOTHH MMeHH akajnemuka M. @. Pemernena
Poccutickas @enepamus, 660037, r. KpacHosipek, mpoctt. uM. ra3. «KpacHosipckwuii paboumii», 3 1
*E-mail: enis-home@mail.ru

B pabome paccmompen asmomamu3supogannulil snepeocoepe2aiowuti UMumayuOHHO-HaAmypHslll KOMNIEKC, NPeOHd-
3HAYEHHbIU OJi HA3EMHbIX UCHBIMANHUL CUCMEM INeKMPORUMAanus Kocmudeckux annapamog. Komnnexc noszeonsem
uMUmuposams pabomy coIHeuHou bamapeu, akKyMyaisimopHou bamapeu u 60pmosoul nazpysxku. OmauyumensHol 0co-
OEeHHOCMbIO KOMNIIEKCA ABNIAEMC S KOMOUHUPOBAHUE HENPEPLIBHBIX U UMNYIbCHLIX MEMOo008 YNpAsleHus U UCHOIb306d-
Hue pexynepayuu nompedieHHoll SHep2uu 8 COOCMBEHHYI0 Cemb NOCMOSIHHO20 MOKA C Yelbl0 HOGbIUEHUS. OUHAMUYE-
CKOU MOYHOCMU U NOGBLIUEHUS. KOIPDuyuenma noiesHo2o ucnoib3oeanus snepeuu. Taxoce pekynepayusi 8 cemov no-
CMOSIHHO20 MOKA CHUdICAem Hep2onompebiieHue KOMIIEKCd, Ymo Npu UCNONb306AHUU UCIOYHUKA GecnepeboiiHo20
numanus (UBI1) nozeonsem ygenuuums epems pabomsi KOMIIEKCA Om akKymynamopos VbBII.

B cmamve paccmampusaromes 6onpocel nogvlueusi OUHAMUYECKOU MOYHOCMU U CHUIICEHUSL IHEPLONOmMpedieHUs
npU NPOBEOCHUU HAZEMHBIX INEKMPUUECKUX ucnvimanut cucmem snexmponumanus (COII) kocmuveckux annapamos
(KA). B x00e nazemnvix snexmpuueckux ucnvimanuti COIl KA soznuxaiom credyrowue 3a0auu:

— HE0bX00UMO OOCMAMOYHO A0EK8AMHO BOCIPOUIBOOUNb CHIAMUYECKUE U OUHAMUYECKUE CBOUCMEA KAK UCMOYHU-
ko6 suepeuu COII KA, max u nompebumeneti,

— npu snepeonazpydceruu COII u umumayuu 3apsoa 6opmoeou akkymyasmoprou bamapeu (Ab) neobxooumo ymu-
MUBUPOBAML NOMPEONEHHYIO IHEP2UIO.

Cmamwst npedcmagisiem coboi ORUCaHue asmomMamu3upo8aHHO20 IHEPLOCcHEpe2aue20 UMUMAYUOHHO-HAMYPHO2O0
xomnaekca (DUHK), cmpykmyp e2o noocucmem, dKCnepumMeHmanbHoe noomeepoiicoenue xapakmepucmuk. IIpuseden
erewnuti 6uo SUHK.

Ipombiuinento gvinyckaemvle UMUMAYUOHHO-HAYPHbLE KOMIIEKCh, KAK NPAGUTIO, UCTIONb3YIOM HENPEPbIEHbLE UMU
UMRYIbCHblE MemOObl ynpasienus. Mcnonvbsosanue HenpepvleHbIX Memo0o8 YAPAGIeHUs. CHUMCAem Kodp@uyuenm no-
JIE3HO20 UCNONb308AHUSL IHEP2UL, NOCKONLKY OMHOCUMENbHO DONbUAsL YACMb IHEPSUU PACCEUBAEMCsL 6 ude menid
HA peyupylowux 21eMeHmax, a maxce npugooUm K YEeIuueHuio Macco2abapumHuix noxkasameneil uz-3a Heooxoou-
MOCMU NpUMeHeHUs. MenI00me0008. Mo 3ampyoHsiem cO30aHUe MOWHBIX UMUMAYUOHHO-HAMYPHBIX KOMHIIEKCOB.
Hcnonvzoeanue umMnyibCHbix Memooo8 Ynpasienus obecneyusaen 8blcoOKoe 3HaueHue Kodg@uyuenma ucnoib308anus
9Hepauu, 0OHAKO He NO360JiAem NOIYHUMb 8blCOKO20 ObICIMPOOetcmeuss U a0eK8amHo20 BOCHPOU38edeHUss bblcmpo-
NPOMEKAWUX NPOYECCO8 PeanbHbliX YCmpolucme. B oannoii cmamve paccmompeno xomouHuposanue HenpepbliéHbix
U UMRYIbCHBIX MEMOO08 YNPAGLEHUs, YO NO360Jiaem 00beOUHUMb UX NPEeUMYUeCmad.

Jis ymunuzayuu u30bimo4HoOU SHEPeUU 8 NPOMBIULIEHHO 8bINYCKAEMbIX UMUMAYUOHHO-HAMYPHBIX KOMNIEKCAX UC-
NONb3YEeMCst Ul PACCEUBAHUE IHEPSUU 6 GUOe MENd WIU PeKYnepayus 6 NPOMbIUIEHHYIO Cenb NePeMeHH020 MOKA.
Copoc uzbvimouHol SHepeul 8 ude menia CHUMCAem Kodpouyuenm noie3Ho20 UCNOIb308AHUSA IHEP2UU, NPUBOOUM K
NOBbIUEHUIO MeMnepamypel 6 nomeujeHuu (npu ucnvimanuu mownwvix CII1), moscem nompebosams cucmem eHMUISL-
Yuu U KOHOUYUOHUPOBAHUsL 6030yXad. Pexynepayus snepeuu 6 cemv NEPeMeHHO20 MOKA TUUEHA IMUX HeOOCAMKOS.
Oo0naxo ona mpebyem co2naco8anusi NApamempos8 pekynepupyemoll sHepeul ¢ mpebosanusimu nPOMbIULIEHHOU cemu
NOCPeOCmEoM 6€00MbIX CEMbIO UHBEPMOPOE, YMO NPUBOOUM K YXYOUEHUIO MACCO2aDAPUMHBIX NOKA3amenet KOMNIeK-
ca. Kpome moeo, pexynepayus 6 cemv nepemenno2o moka 3ampyOHeHa npu d8apuiinom OmKIOYeHuu cemu. Imo Mo-
Jicem npugecmu K Cpbigy OIUMeNbHbIX UCHLIMAHULL. B oannoti cmambe paccmompen Memoo pekynepayuu u3o0uimouHou
9Hepeuu 8 COOCMBEHHYIO cemb NOCMOAHHO20 MoKa Komnaekca. [Ipu smom cuudicaemcs snepeonompednenue KoMniex-
ca, Ymo npu UCHOIL308AHUU UCMOYHUKO8 Decnepebotinozo numanus (MBI1) nosviuwaem epems pabomor DJUHK om ax-
xymyaamopos UBII npu asapuiinom omxaroueHuy cemu nepemeHHo2o moxda.

B svis00ax cmamsu noouepxusaemcs, umo paspabomannuviii SIUHK obradaem ciedyrowumu npeumyujecmeamu:

— BO3MOJICHOCb YMEHLULEHUS. MOUWHOCIU UCHOYHUKA IIeKMPONUMAHUS KOMNIEKCA MUHUMYM 6 084 pa3d,

— coxpanenue pabomocnocooHocmu u ygeauyenue OIUMeIbHoCmu pabomsl om UCMOYHUKA becnepeboliHo20 numa-
HUSL NPU OMKTIOYEHUU NPOMBIULIEHHOU Cemu NepemMenH020 HanPsIJICeHUs,

— cyuecmeenHoe yMeHbuleHue Maccul u 2abapumos cocmashwix yacmeti JUHK.

Kniouegvie crosa: umumamop conneunoil 6amapeu, umMumamop axkKymyJIsimopHou bamapeu, Hazpy304Hoe YCmpoti-
CMBO, cucmema 31eKmponUmanusl, dHepeocoepedicetue.

Introduction. The automatized simulation test com-  based tests of the power supply systems (PS) of the space-
plex (AST) ), which contain simulators of the primary craft (SC). To ensure the required test quality the simula-
energy source (solar battery), rechargeable battery (RB), tors must reproduce the static and dynamic characteristics
and various load devices are used to carry out the ground-  of the prototypes with a sufficiently high accuracy.
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While creating AST of powerful (more than 10 kW)
SC power systems and conducting long-term (resource)
tests two problems arise:

— to ensure the required accuracy of simulating the
static and dynamic characteristics of power sources of the
PS, which is important for the adequacy of the tests per-
formed;

— to save energy and reduce the heat generation of the
complex subsystems , which is important for improving
the functional and operational characteristics of the com-
plex, its weight and dimension.

In the existing AST, the first problem is solved by ap-
plying continuous control laws [1-3], which leads to a
low coefficient of electricity use (no more than 50 %)
and, as a result, to a large heat emission.

While solving the second problem, the pulse control
methods [4] and power recovery to the AC network are
used. At the same time, the dynamic characteristics of
simulators worsen, while meeting the requirements for the
quality of electricity, the recuperator schemes become
more complicated and their cost increases. To improve
the quality of complex power supply the uninterruptible
power supplies (UPS) have been used lately. But even in
this case the significant disadvantage of this method is
that, when the AC power is switched off in an emergency,
recovery becomes impossible.

In this paper, we propose the solution of these prob-
lems: providing the required dynamic properties and in-
creasing energy use in high-power AST

For the solution of the problems with the energy-
saving AST (ESAST) developed by the authors the new
approaches are used:

— the combination of pulse and continuous control
methods for simulators of power installations and subsys-
tems of PS, which allows to increase the coefficient of
electricity use and provide the required dynamic proper-
ties of simulators;

— the recovery of excess power of the load devices in
the DC circuit of the complex power supply system ,
which allows to increase the of electricity use rate, reduce
power consumption from the AC mains and the capacity
of the power source of ESAST and increase the working
time of ESAST from the battery when you unplug
the AC.

The proposed device structure. Fig. 1 shows a block
diagram of the ESAST [5], which explains the use of the
electricity recovery method in the DC network.

In the first mode of operation (the illuminated section
of the SC flight path, the RB charge), the PS receives
electricity from the SAS and supplies the load and the
LibS charge. LDER sets the power loading mode of the
PS and returns the consumed energy to the general DC
power supply network of the ESAST. The LibS operates
in the RB charge simulation mode and recovers excess
energy to the general DC power supply network of the
ESAST.

In the second mode of operation of the PS (the shadow
section of the flight path of the SC), the SAS stops power
supply to the PS. The LibS operates in the RB discharge
simulation mode and provides power to the PS. LDER
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sets the power loading mode of the PS and returns the
consumed energy to the general DC power supply net-
work of the ESAST.

In the third mode of operation (the illuminated section
of the SC flight path, the peak power consumption), the
PS is powered from the SAS and the LibS together. The
LibS also, as in the previous case, operates in the RB dis-
charge simulation mode. LDER sets the power loading
mode of the PS and returns the consumed energy to the
general DC power supply network of the ESAST.

The following advantages of the ESAST structure
should be considered: a relatively simple implementation
of LDER, recovering the consumed energy in single SAS
and LibS power supply, and relatively high specific en-
ergy characteristics of LibS using a bidirectional switch-
ing converter (PC).

The combination of pulse and continuous simulators
control methods, which allows providing high dynamic
characteristics with relatively high energy efficiency, is as
follows. Simulators (SAS, LibS and LDER) contain high-
speed continuous regulators that regulate the output pa-
rameter of the simulator (voltage, current, power, etc.),
and pulse regulators that limit the power dissipation
on continuous regulators and increase the energy
efficiency.

The solar array simulator. The basis of the SAS
(fig. 2) is a continuous current stabilizer with the parallel
control element (ACE) switching on. The CCS consists of
the following devices: ACE, SA1, and CS1. To reproduce
the required nonlinear current-voltage characteristics
of the SB, the continuous current stabilizer (CCS) is cov-
ered by functional voltage feedback (FFD). The use of a
pulsed current stabilizer (PCS) for the current flowing
through the ACE allows us to limit the power dissipated
by the ACE. The PCS consists of the following devices:
PC, PWM, SA2, CS2, Vref.

The principle of operation of the SAS: SA1 compares
the voltage with CS1, proportional to the output current of
the SAS, with the voltage at the output of the FFD and
generates a control signal for the ACE. The FFD gener-
ates a set point for the continuous current stabilizer in
accordance with the specified current-voltage characteris-
tic and the current voltage value measured by the VD.
SA2 compares with the reference (Vref) voltage propor-
tional to the current through the ACE obtained from the
CS2, and generates a control signal for the PC propor-
tional to the deviation of the current through the ACE
from the required value.

The lithium-ion-battery simulator (LibS). The basis
of the Lithium-ion-battery simulator structure (fig. 3) [6]
is a continuous voltage stabilizer with parallel switching
on the ACE. The continuous voltage stabilizer consists of
the following devices: ACE, SA1, VD to reproduce the
required nonlinear charge-discharge characteristics of the
AB, the continuous voltage stabilizer is covered by func-
tional current feedback (CS). The use of a pulsed current
stabilizer for current flowing through the ACE allows you
to limit the power dissipated by the ACE. Pulsed current
stabilizer consists of the following devices: BPC, PWM,
SA2, CS2, Vref.
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Fig. 1. ESAST structure:
RS — rectifier stabilizer; SAS — Solar array simulator;
PS — tested power supply; LDER — load device with energy
recuperation; LibS — Lithium-ion-battery simulator
Puc. 1. CtpykrypHas cxema moxyist DUHK:
BC — Brmpsimurens-cradunuzarop; UCh — nmuratop conHedHoU
6arapeu; COII — ucnbIThIBaEMast CHCTEMa 3JICKTPOIUTAHUS,
HYPT — narpy3o4Ho€e yCTPOHCTBO PEKyNE€pPaTHBHOTO THIIA;
HAD — umutatop akkyMyJsITOpHOH 6aTapen
hn ler out
O—= & T '®)
//i[ £
S “lt 0 | wo |
AlE I SAT
+
Pl
Ufﬁ + Vref Uﬂuf‘
PWMESAZ
- H 5
o— : £57 f—+—>0

Fig. 2. Solar array simulator structure (SAS):
PC — pulse converter; PWM — pulse width modulator; SA — summing amplifier;
Vref — voltage reference; ACE — analogue control element; FFD — functional feedback;
VD — voltage divider; CS — current sensor

Puc. 2. Ctpyxrypnas cxema UCh:
WII — nmirynbcHbIi nmpeobpasoBatens; [IIIM — mMIIpOTHO-HMITYIIBCHEI MOIYIIATOD;
VC — ycunutens-cymmarop; MOH — HCTOYHHK OMOPHOTO HANIPSKEHHUS;
HPD — HenpepriBHbIT perynupyronuii a1eMenT; Y POC — ycTpoicTBO hyHKIMOHATIBHOM
obpatHoii ces3u; JIH — natunk Hanpspkenns; T — naTauk Toka

The operating principle of the LibS: SA1 compares
the voltage with the VD, proportional to the output volt-
age of the LibS, with the voltage of the FFD and gener-
ates a control signal for the ACE. The FFD generates a set
point for continuous voltage stabilizer in accordance with
the specified charge-discharge characteristic (CDC) and
the state of charge measured by the AHS. SA2 compares
the voltage proportional to the current through the ACE
obtained from the CS2 with the reference one and gener-
ates a control signal for the BPC proportional to the de-
viation of the current through the ACE from the required
value.

Load device with energy recuperation. The LDER
basis (fig. 4) is the continuous current stabilizer with
parallel inclusion of the ACE. The continuous current
stabilizer consists of the following devices: ACE, SAl,
and CSI.

To reproduce the required nonlinear current-voltage
characteristics of the simulated load, the CCS is covered
by functional voltage feedback (FFD). The use of a pulsed
current stabilizer (PCS) flowing through the ACE allows
you to limit the power dissipated by the ACE. Pulsed
current stabilizer consists of the following devices: PC,
PWM, SA2, CS2, Vref.
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The principle of operation of the LDER: SAl com-
pares the voltage with CS1, proportional to the input cur-
rent of the LDER, with the voltage at the output of the
FFD and generates a control signal for the ACE. The FFD
generates a set point for the continuous current stabilizer
in accordance with the specified VAC and the current
voltage value measured by the VD. SA2 compares the
voltage proportional to the current through the ACE ob-
tained from the CS2 with the reference one and generates
a control signal for the PC proportional to the deviation of
the current value through the ACE from the required
value.

Energy-saving simulation and full-scale complex.
ESAST developed by the authors (fig. 5) contains: SAS,
LibS, LDER, high-speed protection device (HSPD), spe-

cialized hardware and software complex (HSC). The SAS
module consists of 4 independent channels that allow both
parallel, serial connection of two channels and mixed
connections. Each channel provides: the no-load voltage
changing from 20 to 200 V; the short-circuit current from
0.1 to 7 A changing; the VAC shape setting mathemati-
cally, using a table, slopes for voltage and current
branches and a non-linear transition zone; changing the
output capacitance from 500 to 1000 nF with a step of
100 nF.

The module of the lithium-ion battery simulator
(LibS) includes the following blocks: simulation of
charge-discharge characteristics of the LibS; simulation of
analog voltage sensors changes of each battery; simula-
tion of analog temperature sensors.
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Fig. 3. Lithium-ion-battery simulator structure:
BPC — bi-directional pulse converter; PWM — pulse width modulation; SA — summing
amplifier; Vref — voltage reference; ACE — analogue control element; CS — current sensor;
VD - voltage divider; FFD — functional feedback; AHC — amp hours counter

Puc. 3. CtpyxrypHas cxema UAB:
JIUII — nByHanpaBiieHHBIH UMITYJILCHBIH peoOpa3oBarens; [IIMM — mupoTHO-UMITYJIbCHBII
moayistop; YC — ycuurenb-cymmarop; MOH — HCTOUHHK OIIOPHOTO HAINPSKEHNUS;
T — natumk Toka; HPO — HenpepsIBHBII perynupyronmii snement; JH — naTunk HanpspkeHus;
Y®OC — ycrpoiictBo (yHKIMOHATBHON 00paTHO# cBsizn; CAY — cueTyrk amrep-4acoB
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Fig. 4. Structure of load device with energy recuperation:
PC — converter; PWM — pulse width modulation; SA — summing amplifier;
Vref — voltage reference; ACE — analogue control element; FFD — functional feedback;
VD — voltage divider; CS — current sensor

Puc. 4. CtpyxrypHas cxema HYPT:

JIH — natunk Hanpspxerust; 1T — natuuk Toka; YPOC — ycTpoiicTBO (yHKINOHAIBHOH
obpatHoii cesi3u; YC — yeunurenb-cymmarop; HPD — HenpepsIBHBII perynupyromnmii
anemenT; MOH — ucrounuk onopuoro Hanpspxenust; HIUM — miMpoTHO-UMITYJIbCHBIH

npeobpazoatens; U1 — umiynbcHbIA 1peobpazoBaTenb
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Fig. 5. ESAST:
1 — Hardware and software complex; 2 — Four SAS channels;
3 —PS; 4-LibS; 5 — four LDER channels

Puc. 5. Buemnnit sug DUHK:
1 — ATIK; 2 — getnipe kaHana MBC; 3 — HCTOYHUK AIIEKTPONUTAHUS;
4 —UADB; 5 — uetbipe kanana HYPT

The LibS module provides: changing the voltage from
10 to 105 V; changing the charge current from 0 to 25 A;
the discharge current changing from 0 to 70 A; the shape
of the charge discharge characteristics (CDC) setting
mathematically, using a table; changing the active
component of the internal resistance from 5 mohm
to 50 mohm, the inductive component — from 8 mgN
to 80 mgN.

The LDER module contains 4 independent channels
that allow both parallel, serial connection of two channels
and mixed connections. LDER provides: maximum chan-
nel power of 1500 W; voltage change from 20 to 120 V;
current change from 0.1 to 20 A; guidance of harmonic
interference with an amplitude of 5 A in the band up to
300 kHz.

To confirm the effectiveness of the pilot images of the
main subsystems ESAST a comparative analysis of the
technical and price characteristics of subsystems EINK
modular characteristics of the subsystems of foreign com-
panies [7-9] and energy saving subsystems of the test
systems manufactured was carried out by NIIAM TUSUR
(The Research Institute of Automation and Electro me-
chanics) [10-12], the testing equipment for spacecraft
production leader in Russia.

It should be noted that the main advantages of the
EINK with the recovery of excess electricity to the DC
network of the power supply system of the complex are:

— the ability to reduce at least twice the power source
force of the complex;

— keeping the operability and increasing the operation
duration from an uninterruptible power supply when the
industrial AC network is disconnected,;
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— the significant mass and dimension reduction of the
ESAST components.

Tab. 1 shows the technical characteristics of lithium-
ion battery simulators: BIAB-200LI [10], manufactured
by NIIEM —TUSUR, Tomsk; LibS with two modules par-
allel connection, manufactured by Reshetnev Siberian
State University of Science and Technology, Krasnoyarsk
and a battery simulator manufactured by AMETEK [7],
USA.

Tab. 1 shows that the main technical characteristics of
the Libs developed by Reshetnev Siberian State Univer-
sity are at the same level, and in terms of weight and size
characteristics it is even ahead.

Tab. 2 shows the technical characteristics of simula-
tors of solar cells of comparable capacity: SAS-200/7-4
[11], produced by NIIEM —TUSUR, Tomsk; ISB-200-4K
with parallel connection of two modules, produced by
Reshetnev Siberian State University, Krasnoyarsk and
E4360 Keysight Technologies [8] with parallel connec-
tion of four modules containing eight channels.

Tab. 2 shows that in terms of technical characteristics
and functions the SAS developed by Reshetnev Siberian
State University occupies the intermediate position be-
tween the SAS produced by TUSUR and Keysight Tech-
nologies. The Keysight Technologies SAS disadvantages
are the greater heat capacity when working on the current
branch WAC , the WAC insufficient slope on the branch
voltage, determined by the value of series resistance RS,
low voltage-170V.

Tab. 3 shows comparable in power load device simu-
lators technical characteristics: BIN-100 [12], produced
by NIIEM-TUSUR, Tomsk; NUK-120-4K with parallel
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connection of two modules, produced by Reshetnev Sibe-
rian State University, Krasnoyarsk and EA-ELR 9250-70
Elektro-Automatik [9], Germany.

Elektro-Automatik load devices have good weight and
size characteristics, but the reason is ,that the function of
directing test sinusoidal and pulse currents on the buses of
power sources is limited to a frequency band not exceed-
ing several kilohertz by the use of pulse converters. It is

necessary to increase the frequency band to hundreds of
kilohertz and measure the impedance frequency character-
istics of power sources in order to study the noise immu-
nity, while the use of continuous load devices is required,
which significantly worsens the weight and size charac-
teristics of the devices. This is illustrated by the load de-
vices production TUSUR and Reshetnev Siberian State
University.

Table 1

Energy and mass-dimensional characteristics of lithium-ion battery simulators

Ne Parameter Dimen BIAB-200LI NIIEM | Libs Reshetnev | Battery String Simula-
tion TUSUR Siberian State tor, AMETEK
University
1 | Charge/ discharge voltage range Volt 40-110 10-120 120
2 | The maximum power in the discharge Watt 12000 14700 18000
mode
3 | Discreteness of charge/discharge volt- Volt 0.1 0.1 No data
age adjustment
4 | The magnitude of the output voltage mVolt 50 500 No data
ripple, not more
5 | Maximum charging current Amp 30 50 50
6 | Maximum chargig current Amp 200 voltage not 140 150
more than 60 Volt. over entire
109 voltage 110 B voltage range
7 | Charge/discharge characteristics simu- - no yes no
lation
8 | Recuperation in charge mode - no yes no
9 | Voltage sensors simulation - yes yes yes
10 | Temperature sensors simulation - yes yes yes
13 | Specific volume m’/Watt 79.56 x 10°° 16.46 x 10° 114.76 x 10°°
14 | Specific gravity kg/Watt 3333 x10° 8.84x 107 3125 x10°
Table 2
Energy and mass-dimensional characteristics of lithium-ion battery simulators
Ne Parameter Dimen- SAS-200/7- SAS-200-4K E4360
tion 4TUSUR Reshetnev Keysight
Siberian State Technologies
University
1 Control range Uxx Volt 40-210 20-210 20-170
2 Adjustment discreteness Volt 0.1 0.1 0.048
3 Single-channel icz current adjustment range Amp 0-8 0-7 0-3.8
4 Icz current adjustment discretness Amp 0.01 0.01 0.0012
5 VAC reproduction error % 5 2 No data
6 Frequency band for admittance playback I'm Hz No data 100000 No data
7 Frequency band for admittance playback % No data 5 No data
not more
8 Resistance serial RS minimum Om Om 0.3 0.3 1.72
9 Specific volume m’/Watt 87.71 x 107° 4320 x10° 30.36 x 107°
10 | Specific gravity kg/Watt 32.74 x 1072 16.43 x 10~° 14.75 x 10°°
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Table 3

Energy and mass-dimensional characteristics of the regenerative-type load devices

No Parameter Dimen- BIN-100 NUK-120-4K EA-ELR 9250-70
tion TUSUR Reshetnev Siberian Elektro-Automatik
State University
1 Maximum input voltage Volt 100 120 250
2 Input current range Amp 0-65 0-80 0-70
3 Adjustment discreteness Amp 0.01 0.01 No data
4 Range of sinusoidal load test Amp 0-15 0-16 No data
current
5 Adjustment discreteness Amp 0.1 0.1 No data
6 Frequency range of the k[ 0.02-100 0-300 No data
test signal kHrz
7 Constant resistance load simula- - no yes yes
tion
Constant power load simulation - no yes yes
Recovery of excess energy - To the indus- To the DC network To the industrial AC
trial AC of the test complex network
network
10 | The ability to work when dis- - No, without yes no
connecting the commercial additional
power supply AC voltage devices
11 | Specific volume m’/Watt 90.68 x 10°° 4032 x10° 22.36 x 10°°
12 | Specific gravity kg/Watt 33.85x 10° 1833 x 10°° 9.72x 10

Conclusion: The main subsystems of the ESAT de-
veloped by Reshetnev Siberian State University in most
parameters are at the world manufacturer technical char-
acteristics level, and in a number of functions it is some-
times higher. In particular, it concerns the dynamic prop-
erties: the frequency band for reproducing the AB imped-
ance, the SB admittance, the frequency range for inducing
the test current of the sinusoidal form of the LDER, and
the power utilization coefficient.
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DETERMINATION OF THE DIGITAL CONTROLLER’S CHARACTERISTICS
OF THE SWITCHED-MODE POWER CONVERTERS

A. A. Lopatin, A. A. Druzhinin*, A. S. Asochakov, A. V. Puchkov

JSC Academician M. F. Reshetnev Information Satellite Systems
52, Lenin St., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
*E-mail: Alex-Druzh@mail.ru

The development of spacecrafts equipment is on the way to digitalization. In particular, energy spacecraft conver-
sion devices are being modernized by introducing digital automatic control systems instead of analog ones. This leads
to an increase in the efficiency of the power supply system, but at the same time, there is a need to create methods to
determine characteristics that will confirm with a high degree of accuracy and conformity of the manufactured sample
with the technical requirements specified during its design. The article describes the features of functioning and meth-
odology for determining digital control channel of a pulse voltage converter’s characteristics. The proposed approach
is a toolkit for verifying the correct implementation of both the hardware parts of the control channel and the control-
ler, which is a program code implemented on digital control devices. The technique is based on determining the degree
of responses correspondence to typical external influences of a hardware-implemented control channel and its model.
Based on the transfer functions of the IIR and FIR digital filters, using standard built-in models, the control channel of
the pulse voltage converter corresponding to the tested hardware-implemented device is simulated in the package Mat-
lab Simulink. The basic principles of building the software architecture experiment are described. A block diagram of
the test complex has been developed, including sources of external influence, control channel, and a test management
tool (in this case, a personal computer). An example of applying such a technique to verify the parameters of the devel-
oped PID controller is given. Operability and accuracy of the proposed method to determine characteristics of the con-
trol channel by reaction to a sequence of rectangular pulses, and by constructing the AFCL are experimentally shown.
Application of this verification method to production conditions will allow a complete check of individual central con-
trol units (CCU) of energy-converting equipment with closed feedbacks even at the stage of devices development, which
will eliminate errors in the implementation of regulators in control loops.

Keywords: testing, pulse voltage converter, digital controller, reference model, response, typical input.

OINNPEAEJIEHUE XAPAKTEPUCTUK IUPPOBLIX PETYJIATOPOB
UMIIYJIbCHBIX TPEOBPA3OBATEJIEN HAITPSI)KEHUS

A. A. Jlonatun, A. A. lpyxunaun*, A. C. Acodakos, A. B. [TyukoB

AO «MHpopMaMOHHBIE CITyTHUKOBBIE CUCTEMbBD» UMeHH akanemuka M. @. PemerneBa»
Poccuiickas @enepanus, 662972, r. XKenesnoropck KpacHosipckoro kpasi, yi. Jleauna, 52
*E-mail: Alex-Druzh@mail.ru

Pazeumue xocmuueckoeo npubopocmpoenus udem no nymu yugposusayuu. B uvacmuocmu, snepeonpeobpasyiowas
annapamypa KoCMu4eckux annapamog MOOepHUUPYemcs nymem 6HeOpeHus Yyu@dpoewlx CUCEM aA8MOMAMUYEcKo2o
VNPAGIeHUs. 83AMEH AHANI0208bIX. MO NPUBOOUM K NOBbIUEHUIO dDDEKMUBHOCIU CUCHeMbl JIeKMPONUMAaHUs, HO 8
Mo dice 8pems BO3HUKAEM HeoOX00UMOCHb 8 CO30AHUU ChOC0O08 onpedeNeHUs UX XapaKmepucmux, Komopbule no3601sm
€ 8bICOKOL CMeNneHbio MOYHOCMU NOOMEEPOUNMb COOMEEMCMaue U320Mos1LeHH020 NpUbopa 3a0aHHbIM NPU NPOEKMUPO-
6aHuU MpebOBAHUIM MEXHUYECKO20 3a0anusi. B cmamve onucanvl 0cobenHoCmu QYHKYUOHUPOBAHUS U NPEOLONCEH
Cnocob onpedenenus XapaKkmepucmux Yyu@poso2o KaHaia ynpasienus UMnyIbCHbIM npeodpasosamenem HanpsdliceHus.
IIpeonosicennviii nooxo0 npedcmasisem cobol UHCIMPYMEHmMaputl 0iist NPOGEPKU NPABUILHOCIU PealU3ayuu KaK anna-
PAmHbIX Yacmeti KaHAa YAPAGIEHUsl, MAK U CAMO20 pe2yiamopd, NpeoCmagiaiouezo coool npoespamMmublil Koo, peai-
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308aHHbI HA YUPPOBLIX Ynpaesiaiowux ycmpoiicmeax. Memoo ocroean Ha onpedenenuu cmeneny COOmeencmeus om-
KIUKO8 HA MUNOBble BHEeUIHIe 8030eliCEUs annapamuo peanu308anHo20 KAHAA Ynpaeienus u e2o mooenu. Ha ocrnose
nepeoamouHbIX QyHKYul yu@dposvix Guibmpos ¢ 6eCKOHeUHOU UMNYIbCHOU XAPAKMEPUCTNUKOU U KOHEYHOU UMNYIbC-
HOU XApaKmepucmukol, ¢ UCHOIb308AHUEM MUNOBLIX 8CIPOCHHbIX MOOenel, 8 naKeme UMUMAyUOHHO20 MOOeTUposa-
nua Matlab Simulink cmoodenuposan kaman ynpasnenus uMnYIbCHBIM Npeobpazosamenem HANPAXCeHUs, COOMEEmcni-
BYIOWUTL UCHBIMBIBAEMOMY ANNAPATNHO-PEATUI08AHHOMY Yyempolicmay. Onucansbl 0OCHOSHbIE NPUHYUNBI NOCTPOEHUS
NPOZPAMMHOU apXUmMexkmypvl obecneuenus sKcnepumenma. Paspabomana cmpyxmypnas cxema ucnvlmamensHo20
KOMNAEKCA, BKIIOUAIOWAS. UCTIOYHUKU BHEUIHe20 6030elCmeUs, cam KaHal Ynpagienus u cpedcmso YnpasieHus npoge-
Oenuem ucnvimanuii (6 OaHHOM cyyae nepcoHanbHulll Komnviomep). Ilpuseden npumep npumenenus maxou Memoouxu
oA gepupurayuy napamempos paspadbomanio20 nponoPYUOHAIbHO-UHMEZPATLHO20 OUDDeEPEeHYUATbHO20 peYlamo-
pa. DKcnepumenmanbio nokazana pabomocnocooHOCms u MOYHOCHb NPEONOHNCEHHO20 ChOCObA OnpedeneHus Xapax-
MepUCmuK KaHaia ynpasienus no peakyuu Ha nocie008ameabHOCHb NPAMOY20bHbIX UMAYILCOS U NYyMeM NOCMPOeHUs.
nozapugmuyeckol amnaumyoHo-ghazosol vacmomuou xapakmepucmuxu. IIpumenenue maxozo memooa sepuguxayuu
8 YCII0BUAX NPOU3BOOCMBA HO3E60NUM 0OeCneuums NOIHYIO HPOGEPKY OMOETbHbIX YUPPOGIX YNPABTIAIOUUX YCIPOTICE
9Hepeonpeobpazyrwell annapamypsl ¢ 3aMKHYMbIMU 0OPAMHBIMU CEA3AMU euje Ha Imane paspabomxu npubopos, Ymo

N0360JUM UCKTTIOYUMb OWUOKU 6 peaiuzayuu pecyiimopos 6 KOKmypax ynpaeienus.

Kniouegvie cnosa: mecmupoganue, umMnynbCHslil npeodpaz0eameib HANPSNCEHUs,, YUDPOBOT pe2ysmop, SIMANOHHAS

MoOeb, OMKIUK, MUNnogoe 8030elicmaeue.

Introduction. Operation of space technology devices
has its own specific features, which combine high cost
of failure, inability to repair, and a long period of con-
tinuous operation under conditions of outer space radia-
tion exposure. In this regard, all devices that are de-
signed for space technology go through a full cycle of
checks and tests, which differ in terms of regulations,
physical nature, and magnitude of disturbing effects. To
ensure reliability and quality of the equipment produced,
a multi-stage verification of the device is applied, which
includes tests according to a hierarchical system [1].
This is how the parameters of all electrical components
used are checked, tested for compliance with technical
specifications requirements: first the individual units of
the device, then the device autonomously as a part of the
spacecraft (SC). Today, space technology is actively
developing and modernizing. In this regard, develop-
ment of methods for testing onboard equipment remains
an important task.

One of the lines of space technology development is
modernization of power supply system, and, in particular,
energy-converting equipment. Improvements of microe-
lectronics and electronic component base allowed to start
introducing microprocessor systems to control the proc-
esses of voltage and current stabilization and regulation of
the power bus. Digital control systems (CS) have a num-
ber of advantages over analog systems, among them the
flexibility of setting parameters and independence of
characteristics from external climatic influences [2],
which is an important property for long-term operation in
conditions of external impact factors of outer space.

Introduction of digital controllers in microprocessor
systems sets the task of developing methods for determin-
ing their characteristics. Methods for characterizing ana-
log regulators are widely known. Analog regulators are
operational amplifiers with external feedback reactance.
Elements used for regulators undergo input control of
parameters and a series of electrical and temperature tests
aimed at revealing the drift of parameters. The regulator is
then subjected to electrical and functional tests. A digital
controller, in contrast to an analogue one, is a program
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code for a digital control device (DCD), consisting of the
operations of storing the values of variables, multiplica-
tions by constants and additions [3]. While a microproc-
essor system is used to control a pulse voltage converter,
the input signal — a feedback signal (feedback) for a digi-
tal controller is converted using an analog-to-digital con-
verter (ADC), and the output signal is formed using a
digital pulse-width modulator (DPWM). Since the ap-
proach to the physical implementation of digital and ana-
log controllers is significantly different, the test methods
applied to the control channel of an analog system are not
suitable for testing the microprocessor system.

In this regard, this work proposes a method for deter-
mining characteristics of a switched-mode power supply
(SMPS) control channel. The proposed method was veri-
fied during IIT prototype testing.

First, a description of the test object will be given,
which is a control channel of a SMPS, its features will be
highlighted based on which the approach to its testing is
developed. Next, the method for determining parameters
is explained — which software is needed to implement the
proposed method, and features of the test complex func-
tioning are explained. The next step is results of experi-
mental verification of the proposed method, by determin-
ing the degree of correspondence of the hardware-
implemented control channel of the IIT characteristics
with the results of simulation.

Test object. The object of testing is the channel of
SMPS digital control system, which is shown in fig. 1.

The control channel consists of a sensor, an analog-to-
digital converter, an error signal generator, a digital con-
troller and a pulse-width modulator [4].

Operation of control channel can be described as fol-
lows. A signal representing the value of physical quantity
is coming from the sensor. This signal is digitized by the
ADC and fed to the input of the error signal generator.
The digitized signal is subtracted from the reference sig-
nal, resulting in an error signal. The error signal is proc-
essed by a digital controller which calculates the control
signal. The control signal goes to the digital pulse width
modulator (DPWM).
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Fig. 1. Pulse converter control channel

Puc. 1. Kanan ynpasneHust UMITyJIbCHBIM IIpeoOpa3oBaTeneM

There are several ways to implement a control channel
[5]. It can be a microcontroller or digital signal processor
(DSP) with built-in ADCs, regulators and DPWMs, or it
can be a field-programmable gate array (FPGA) on which
the regulator and DPWMs are made, and the ADC is an
external device. However, the testing approach will be
identical.

The main testing element is the digital regulator. As a
mathematical object, the regulator is a digital filter with
an infinite impulse response (IIR — filter), or a digital fil-
ter with a finite impulse response (FIR — filter) [6]. For-
mulas of transfer functions IIR (1) and FIR (2) filters in
general form are given below.

N-1 )
Zbi : Z_'

D(z)=—"15 : (1)
1+ z ak M Z_k
k=1
N-1 )
D(z)=Y bz, )

i=0

where b;, ay are regulator coefficients, 71 is the delay ele-
ment per cycle of the regulator operation.

The digital filter, depending on the structure and val-
ues of coefficients, has a number of static and dynamic
characteristics that are unique for a given filter [7]. This
property is well manifested by determining the response
to typical inputs, including stepwise, impulse and har-
monic effects. All outputs will also be unique to this filter.
Based on this property, a methodology for checking the
control channel will be built.

Since the controller is a program code consisting of
the simplest arithmetic operations, it can be simulated in
the Matlab Simulink simulation system. The methods for
modeling digital filters in this program are well known
and have shown their efficiency [8]. Also, with a given
accuracy in this program, an ADC can be modeled in the
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form of a transmission coefficient, and external typical
disturbance signals. Thus, with the help of simulation, it
is possible to obtain an accurate response of the digital
filter to typical inputs.

According to the described hardware-implemented
control channel, a model was developed in Matlab Simu-
link (fig. 2). In the model, a PID — regulator is used as a
regulator, and the FPGA block designates a signal source
that represents a signal received from the model of the IIT
control channel.

The block diagram of the hardware measuring
the response of a digital filter to typical inputs is shown
in fig. 3.

The source of disturbance is a serial connection be-
tween a constant voltage source and a signal generator. In
this case, the controller includes an integral component,
therefore, the presence of a DC component in the error
signal will lead to saturation of the digital controller,
which will not allow obtaining a response to any action.
Thus, for correct operation it is necessary to select
a source voltage and a generator signal amplitude in such
a way that relation [9] is fulfilled.

jOT(Ref — Udsup — Udgen)d =0, 3)
here Ref is the reference signal, Udsup, Udgen are the
digitized values of the voltage source and the generator
signal, respectively, at the sensor input, T is the generator
signal period.

In accordance with fig. 3, the total voltage of the
source and generator is converted by the sensor and fed to
the ADC input. The signal from the ADC output is used
to receive the control error signal and is fed to the digital
filter input. An interface connection is established be-
tween the digital control device, where the digital filter is
implemented, and the personal computer [10]. Matlab is
also used to obtain measurement results. Details about the
program for the control center and its interaction with a
personal computer will be described in detail in the next
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section. As a result of the experiment on a personal com-
puter in the Matlab environment, graphs are displayed
that represent the input signal of the hardware-
implemented controller and its response to this signal.

As a result, in one simulation environment responses
to typical inputs of the designed control channel model
and responses to similar typical actions obtained during
testing of the hardware-implemented control channel will
be obtained. By comparing the received signals, it is pos-
sible to make an unambiguous conclusion about whether
the IIT control channel is correctly implemented. If the

sample

p mn
sinusoidal
signal

¥

control channel is working correctly, the signals must
match.

Software. Digital control systems can be based on
digital signal processors (DSP), universal microcontrol-
lers or field-programmable gate array (FPGA).

Modern universal microcontrollers have ample oppor-
tunities for the formation of a control action and support
digital signal processing (DSP) operations, which makes
it possible to use them in control systems of power con-
verters [11]. The most common general purpose micro-
controllers are embedded 32-bit microcontrollers.

D ]

J-Lﬂ In1 Out1
pulses Voltage
sensor ADC Reference r
Jdsup
Voltage
regulator
PID
controller
Fig. 2. Control channel model in Matlab Simulink
Puc. 2. Monenb xaHana ynpasienus B Matlab Simulink
Control
reference channel Voltage
A4 s
Digital
Sensor — » ADC —» > > SMPS
= controller DPWM -

Personal

generator computer

I Matlab
Simulink
Voltage
regulator

Fig. 3. Scheme of experimental determination of control channel characteristics

Puc. 3. Cxema OKCHEPUMEHTAJIBLHOTO OIPEACIICHUS XapaKTCPUCTUK KaHala YIIPaBJIICHUS

412



ABMGMMOHHQ}Z U paKkemHo-KoCmMu4deckas mexnuka

These processors include the STMicroelectronics
32-bit STM32 microcontroller. In space technology, the
Milandr 32-bit 1986BE8 microcontroller is widely used to
provide resistance to external influences.

Digital signal processors, in comparison with general-
purpose microcontrollers of general use, ensure to maxi-
mally speed up the execution of typical tasks of digital
signal processing, such as digital filtering, Fourier trans-
form, signal search, etc. [12]. Therefore, signal processors
are optimized for speed to perform just such operations.
DSP processors TMS320 or specialized microcontrollers
UCD3138 from Texas Instruments are widely used
in power converters.

FPGAs are well suited for devices such as radar sys-
tems, electronic intelligence systems, image processing
systems, signal processing devices, etc. they are primarily
intended for those devices in which signal processing and
vector or matrix calculations are performed. Due to the
ability to perform cumbersome parallel computations,
FPGAs have become widely used in complex applications
[13]. Operating at relatively low clock rates of the order
of hundreds of MHz, they can perform tens of thousands
of calculations per clock cycle and still consume much
less power than microprocessors with the same perform-
ance.

FPGA cyclone IV (EP4CE22F17C6N) [14] from
Altera, which is an indirect analogue of the domestic
Rad-Hard FPGA 5578TS064 manufactured by VZPP-S,
and a 12-bit ADC128S022 ADC with a digital SPI inter-
face from Texas Instruments were used in the IIT layout.
The FPGA implements an ADC control unit via the SPI
interface and a regulator in structure and coefficients
similar to the model.

The block diagram of the program is shown in fig. 4.

Since for calculating the controllers in the used FPGA
it is necessary to perform floating point calculations, the
FPGA used computing units according to the IEEE 754
standard [15].

With the frequency of 100 kHz, the values are cap-
tured from the ADC and the regulators are calculated. The
ADC data and regulator responses are transferred to the
FPGA's internal RAM.

After experiment completion the data is transferred to
the computer via the UART interface to the Matlab simu-
lation system and output to the virtual oscilloscope for
comparison with similar signals measured in the simula-
tion model.

In the course of the work, three types of controllers
were implemented and their performance and resources
used were evaluated when implemented on a specific
FPGA (EP4CE22F17C6N). The parameters are presented
in the tab. 1.

Experiment. A digital regulator has been developed
for the SMPS. In this case, it is a proportional-integral-
derivative (PID) controller made by the method of inte-
gration according to the Euler method. This regulator was
converted into an IIR — filter, the structure corresponds to
formula 1, and has the coefficients presented in tab. 2.
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The response to rectangular pulses signal type makes
it possible to assess the correspondence of the regulator
coefficients in terms of the output signal overshoot,
as a result of the response to a change in the level of the
disturbing pulse, and in the rate of change in the regula-
tor output signal as a result of integrating the control
error. In this experiment a signal of the type of
a sequence of pulses with a peak-to-peak value of 3 V
(from 0 to 3 V), a frequency of 100 Hz and a duty cycle
of 0.5 was selected as a disturbance signal. Thus, at the
input of the PID-controller there will be a numerical
equivalent of pulses with voltage from —1.5 to +1.5 V
with a zero constant component, which is necessary
to fulfill condition (3).

Fig. 5 shows the results of an experiment on a pulse
sequence. The dashed line indicates the disturbance signal
at the filter input, and the solid line indicates the response
at the filter output. The top graph shows the signals ob-
tained on the simulation model, and the bottom graph
shows the signals obtained as a result of testing the hard-
ware-implemented control channel.

As you can see from the graphs, the responses are
identical with minor differences. The differences are ex-
plained by the presence of distortion and noise in the sig-
nal of the generator, as well as by the errors of the real
ADC.

The controller in the feedback loop is designed based
on the requirements for characteristics in frequency and
time domains of the control object. It must adjust the
frequency response of the open loop of the control ob-
ject so that it meets a number of requirements, such as
crossover frequency and phase margin. This means that
the key characteristic of the designed controller is its
Logarithmic Amplitude-Phase Frequency Response
(LAFC). LAFC is determined from the response to har-
monic influences at different frequencies. To construct
the LAFC, harmonic signals with an amplitude of 1.5 V
and frequencies of 100, 250, 500, 1000, 2500, 5000 and
10000 Hz were selected as disturbing influences. From
the responses of the regulator, obtained as a result of
tests for harmonic influences at the declared frequencies,
a piecewise-linear IIR-filter LAFC was built and com-
pared with the continuous theoretical characteristic
of the developed regulator.

In fig. 6, the solid line with highlighted points denotes
the frequency response obtained as a result of the experi-
ment, and the dashed line — calculated from the TF of the
controller.

According to fig. 6 it can be concluded that the dy-
namic properties in the investigated frequency range of
the implemented controller correspond to the calculated
ones with the required accuracy.

Thus, from the totality of the experiment results car-
ried out comparing the responses to the typical inputs of
the control channel model and the real tested control
channel, we can make an unambiguous conclusion that
the control channel is implemented correctly and its char-
acteristics correspond to the calculated ones.
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reference
PID controller
{integer)
Sample Receiving = PID I RAM val
signal generator > datafrom ADC [ [con:;:tti;un:lr} g merf:ﬂal';e DathtESSfef
lIR-filter —‘
Fig. 4. Block diagrams of the program on the FPGA Cyclone IV
Puc. 4. CtpykrypHslie cxeMsl paboTsl mporpammsl Ha [IJIUC Cyclone IV
Table 1
Comparison table of implemented regulators
Controller Standard
Parameters Integral controller PID-controller IIR filter
Base frequency, MHz 40 40 40
Conversion time, ns 350 1500 2000
Number of occupied logical elements, pcs. 1393 2314 1452
The number of used DSP blocks, pcs. 10 7 7
Table 2
IIR filter coefficient values
Coefficient Value
ay -1
a) 0
bo 2.647745
by =5
b, 2.354

| -8506

Fig. 5. Responses of the model and CCU to the impact of sequence of impulses type

| -8486

Puc. 5. Orxnuku Mozenu u LYY Ha Bo3zielCTBHE TUIA «IIOCIEN0BATEILHOCTH UMITYJIBCOBY
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Fig. 6. Calculated from the TF filter, and obtained as a result of a full-scale experiment,
Log-magnitude and Phase diagrams

Puc. 6. Pacuernsie u3 I1® dunbTpa 1 HosrydeHHbIE B pe3ybTaTe HaTypHOro skcrepumenta JJAUX n GUX

Conclusion. As a result of the work done, a method
for determining the channel characteristics of a digital
control system of a SMPS was proposed and tested, based
on the comparison of control channel responses and its
model to typical disturbance signals and LAFC removal.
An example of the application of such a technique for
verifying the parameters of the developed PID controller
is given. In the course of the study of the CCU of the IIT
layout, it was confirmed that the responses to the se-
quence of rectangular pulses coincide, and the LAFC of
the model and the physical control channel also coin-
cided.

The proposed technique can be used to test a digital
control channel of not only switched-mode power supply,
but also other control objects; for testing itself any neces-
sary disturbance signals, including non-periodic signals of
a complex shape, can be used.

Introduction of this testing technique in production
conditions will allow a complete check of individual con-
trol centers of power converters with closed feedbacks
before the final assembly of the device and power on,
which will eliminate errors in the implementation of con-
trol loop regulators, leading to undesirable non-stationary
modes of operation of power converters.
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CFD METHODS FOR CAVITATION MODELING IN CENTRIFUGAL AND AXIAL PUMPS OF LRE
A. S. Torgashin*, D. A. Zhujkov, V. P. Nazarov, A. M. Begishev, A. V. Vlasenko

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
*E-mail: ttarg23@yandex.ru

Currently, design and manufacture of liquid-propellant rocket engines (LRE) are imposed with ever greater reliabil-
ity requirements. Accordingly, the standards for the design and manufacture of rocket engine units are raising. One of
these units is a turbopump unit (TNA), which provides continuous supply of liquid components from combustion reac-
tion to the combustion chamber of a rocket engine to create traction or other engine units. TNA is also the main source
of pressure increase for these liquid components in front of the LRE combustion chamber. Important requirements are
imposed on a turbopump unit (TNA): ensuring work performance and basic parameters for a given resource with the
necessary possible pauses of a specified duration; providing all engine operating modes, supplying the fuel components
of the required flow rate and pressure, guarantying a high degree of reliability with acceptable entire unit efficiency;
providing high anti-cavitation characteristics of the pump in all modes. In the article, the authors summarize the latest
results of the study on cavitation in turbopump units of liquid propellant rocket engines alongside with the relevant re-
search in the field of hydraulics. The problems of cavitation in cryogenic liquids, simulation of stall characteristics, and
usability of various models to simulate cavitation flow are observed. A solution to the problems of flow modeling was
considered with respect to applicability to the following structural elements of LRE units: interscapular space of the
screw centrifugal main and booster pumps, axial pre-pump. Particular attention is paid to the implementation of vari-
ous numerical methods based on the use of various cavitation models, computational fluid dynamics in various CFD
packages, and also comparison of results with the model. In summary, the authors draw conclusions about the possibil-
ity of applying these methods to solve the problems of the cavitation phenomenon research in LRE.

Keywords: Cavitation, TNA, LRE, CFD modeling.

METO/AbI CFD MOAEJIUPOBAHUA KABUTAIIUU B IEHTPOBEKHBIX
U OCEBBIX HACOCAX JKMIKOCTHBIX PAKETHBIX IBUT' ATEJER

A. C. Toprammu*, JI. A. XKyiikos, B. I1. Hazapos, A. M. Berumes, A. B. Biacenko

CubupcKuii rocy1apcTBEHHBIN YHHBEPCHTET HAYKH U TEXHOJIOTMU MMEHU akanemuka M. @. PemerHea
Poccuiickas @enepanus, 660037, r. KpacHosipek, nmpocrt. uM. ra3. «KpacHosipckuit pabounii», 31
*E-mail: ttarg23@yandex.ru

B nacmosiwyee spemsa k npoexmuposanuio u npouzsoocmey HUOKOCmHuIX pakemuvix ogueameneu (KPI]) npeowvss-
JsiIomcest 6ce 6onvue mpebosanusi N0 0becneyenulo HadexlcHocmu. B coomeemcmeuu ¢ s3mum nosvluuaromest mpebosa-
HUSL O NPOEKMUPOBAHUIO U U320MOGHeHUI0 azpecamos JKPJ]. Oonum u3z maxux azpe2amos 561semcs mypooHacoCHblil
acpecam (THA), obecneuusarowuti Henpepvi6HYI0 NoOady HCUOKUX KOMNOHEHMO8 pearyuu 20peHus 8 Kamepy
Ceopanusi pakemnozo ogueamens Oisi CO30anusi mseu unu 6 opyeue azpezamul ogueamens. Taxoce THA sigisiemes oc-
HOBHbIM UCHIOYHUKOM NOBbIUEHUS] OAGLEHUsST OAHHBIX JICUOKUX KOMNOHEHMOs8 neped kamepoti ceopanus JKP/[. K THA
NPeovAGIAIOMCSL BAJCHBIE MPeDOBAHUs NO 0OeCneyeHUu0 pabomocnoCOOHOCMU OCHOBHBIX NAPAMEMPOS NPU 3A0AHHOM
pecypce ¢ HeOOX00UMbIMU BOZMONCHBIMU NAY3AMU YCNAHOBNIEHHOU NPOOOINCUMETLHOCU, NOOAYU KOMHOHEHMO8 MOon-
aUuea mpebyemozo pacxo0a u 0agieHuUs Ha 8Cex PedcumMax pabomul 08u2amelis; 8bICOKOU Cmenenu HA0eHCHOCMU ¢ npu-
emnemvim KIIJ] 6ceco acpeeama; 6blCOKUM AHMUKABUMAYUOHHBIM XAPAKMEPUCIIUKAM HACOCA HA BCEX DPENCUMAX.
B 0annoii cmamve agmopul 0606waiom nocieonue pe3yibmamol UCCLe008aHUsL KAGUMAYUY 8 MYPOOHACOCHbIX azpe2a-
max JKPJ, a makoice npumenumble K HUM UCCIE08aHUs 8 obaacmu cudpasiuku. Paccmompenst npobnemsl kasumayuu
6 KPUO2EHHBIX JHCUOKOCTISX, MOOEIUPOBAHUE CPHIGHOU XAPAKMEPUCUKU, NPUMEHEHUE PA3TUYHBIX MOOerel K MOOeu-
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POBAHUI0 KABUMAYUOHHO20 NOMOKa. Peuienue 0annvix npodiem MoO0enuposanus meveHus paccmampueailoc OmMHOCU-
MENbHO NPUMEHAEMOCIU K CIeOYIoWUM dNeMeHmam KoHcmpykyuu azpeeamos JKP/: mesxcnonamounozo npocmpancmea
UWIHEKOYEHMPODEeNCHO20 OCHOBHO20 U OYCMEPHBIX HACOCO8, 0ce8020 npednacoca. Ocoboe sHUMAanUe YOeieHo peanusd-
Yuu pasiuidHbIX YUCIEHHbIX MEMO0008, OCHOBAHHBIX HA UCHONb30GAHUU PA3IUYHBIX MOOeNell KaGUMAayul, GblNUCIUMENb-
Hou eudpozasoounamuxy 6 pasnuunelx CFD naxemax, a maxoice cpaghenuu pesynbmamos ¢ MOOeIbHbIMU. A6mopbl
0enaiom 6v1800bl 0 BO3MOICHOCHU NPUMEHEHUSI OAHHBIX MEMOO08 K PEUeHUIO 60NPOCO8 UCCIeO068ANHUSA AGIEHUSA KAGU-

mayuu 6 JKPI].

Knmiouesvie cnosa: kasumayus, THA, J)KP/], CFD moodenuposanue.

Introduction. Cavitation in hydrodynamics is a spe-
cial case of liquid boiling (phase transition of a liquid into
a gas inside a liquid at a certain temperature and pres-
sure), which occurs in moving liquid due to local pressure
reductions to the level of saturated steam pressure. In hy-
drodynamics the phenomenon of cavitation plays a nega-
tive role as it causes violation of medium homogeneity.
As a result, there may be bubbles in the flow that break
when in contact with the blades, which can lead to a hy-
draulic shock that destroys the blades. It is important to
take into account that the cavities connecting the units,
movable parts of pumps and turbines, supply pipelines are
elements of a complex spatial structure, geometry of
which also affects the flow. In the working parts of the
pump, the pressure reduction inside the flow part is con-
nected with the streamlining of the blade profiles, where,
as with the streamlining of any profile, a cavity of re-
duced pressure is formed at the inlet from the rear (non-
working) side. This region of minimum pressure is the
region of cavitation origin. The higher velocity of the
flow, flowing around the blade is, the greater will be the
discharge on the blade. Therefore, the most distant point
from the axis of rotation of the blade leading edge may be
the generation center of cavitation. Cavitation during
TNA LRE operation can lead to three main negative con-
sequences:

a) failure of TNA operation modes, i.e. sharp decrease
of main output parameters — head, flow rate and, as a re-
sult, efficiency;

b) to the collapse of steam cavitation bubbles in the
area of the blades, accompanied by strong blows, helps to
destruct the blades of the machine impeller — erosion de-
struction. This phenomenon is usually manifested during
long-term operation in cavitation mode, during the opera-
tion of the TNA LRE;

¢) to occurrence of low-frequency self-oscillations due
to possible unstable operation of TNA LRE [1].

To determine cavitation conditions in theoretical and
experimental studies, the following non-dimensional pa-
rameter is used:

c, =52, (1)
~oU?
2P

where p is flow pressure (for example, the input pressure),
p, is the saturated vapor pressure for the liquid, denomi-

nator is the dynamic pressure. This coefficient represents
the pressure difference at a point of the body and in an
undisturbed fluid at a certain distance from it and is pro-
portional to the square of the velocity of the relative mo-
tion. The definition of the main condition for reducing the
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pressure to the minimum at which cavitation begins is
also derived from it.

In 1917 Lord Rayleigh published the article “On the
pressure, developing in a liquid when a spherical cavity”
[2]. Rayleigh used the formulation of the problem on an
empty cavity in a homogeneous liquid at constant pres-
sure at infinity, proposed by Besant in 1859: “An infi-
nitely large mass of a forced homogeneous incompressi-
ble fluid is at rest. The liquid inside a certain spherical
surface instantly disappears. It is required to find the in-
stantaneous change in pressure at any point of the liquid
and the filling time of the cavity, assuming that the pres-
sure at infinity is constant”. The solution to this problem
is based on the complete transformation of the work done
by the mass when the cavity collapses into kinetic energy.
The resulting equation:

3
P(RR; +ER§) =-p, ()

where p is the pressure at infinity, R is the bubble radius,
p is the density of the fluid around the cavity, R, and

Ry are the derivatives of the radius with respect to time.

There is also a version of the Rayleigh equation for a gas-
filled bubble, in which the condition is accepted that the
gas does not exchange heat with the liquid, which means

. . . . 4
that its state is described by the Poisson p V7'~ const:

3, R, 3k
p(RRTT+ERT):PO 3 -Pps 3)

where « is the polytropic index, F, is the atmospheric gas
pressure in the bubble, and R, is the atmospheric radius

of the bubble. Note that equations (1) and (2) do not take
into account the influence of the gas cavity contents, sur-
face tension, viscosity, and compressibility. Also, for
these equations, it is assumed that the pressure at the dis-
tance from the bubble is also constant. At the moment,
various generalizations of the Rayleigh equation are used
to solve hydrodynamic problems.

Currently, significant work has been carried out on the
study of the Rayleigh-Plesset model applicability for solv-
ing the problems of cavitation flow modeling in the chan-
nels of the LRE pumps. The Rayleigh-Plesset equation
provides the basis for the flow equation that controls
steam formation and condensation. The Rayleigh-Plesset
equation describing the growth of a gas bubble in liquid is
derived from the equations of moments:

2 2
R R

RBd 23+§(d Bj L 2
dar* 2\ dt PRy p;




ABMGMMOHHQ}Z U paKkemHo-KoCmMu4deckas mexnuka

where Rj represents the bubble radius, p, is the pres-

sure in the bubble (it is assumed that this is the vapor
pressure at the liquid temperature), p is the pressure in the
liquid surrounding the bubble, p,is the liquid density,

and o is the coefficient of surface tension between the
liquid and the vapor. In the practices of cavitation flows
modeling with various software packages simplified
modifications of the Rayleigh-Plesset equation are usually
used. For example, in the ANSYS CFX package, the sec-
ond-order terms (which are suitable for low vibration fre-
quencies) and surface tension are neglected [3].

In addition to numerical studies of cavitation flows in
the pump, general solutions of the Rayleigh and Rayleigh-
Plesset equations were obtained in [4] and [5], respec-
tively.

Modern approaches to modeling the cavitation
flow. Let us consider the approaches used for modeling
the cavitation flow in pumps applied in various areas of
hydraulic engineering. The main attention will be paid to
a representative comparison with real tests with reference
to the used cavitation models. Over the past several dec-
ades due to the growth of computational capacities many
tests have been carried out the results of which allow to
select the most suitable cavitation model for modeling the
flow in the pump TNA LRE.

In [6] the authors consider the possibility of applying
the Rayleigh-Plesset model to modeling the flow of cryo-
genic components. Since this work was carried out di-
rectly in application to the TNA LRE unit, it is also nec-
essary to highlight the following comments and assump-
tions given by the authors:

— lack of consideration of thermal effects affecting the
development of the cavity, development of which accord-
ing to [6] is currently underway;

— insufficient amount of empirical data on cryogenic
fluids;

— calculation used a model with three interscapular
channels.

The work was carried out in the ANSYS CFX envi-
ronment. Importantly, in addition to the cavitation equa-
tion discussed above, the ANSYS CFX model also in-
cludes a k-o turbulence model, which also affects the
numerical simulation results. Comparison in the article is
based on the total volume of cavitation cavities. In con-
trast to the results discussed further, the text only men-
tions the results of full-scale tests of the screw, but no
numerical data or percentage comparison is given. How-
ever, the authors note that despite the fact that heat effects
are not taken into account in the Rayleigh — Plesset for-
mula, good convergence of the data was obtained from
numerical modeling. Also, the authors carried out a nu-
merical simulation of the cavitation flow with an im-
proved screw.

In [7] a technique for modeling a stalling cavitation
flow in a booster turbopump unit is considered. In this
article construction of a cavitation model is also based on
the application of the Rayleigh-Plesset model. The work,
as well as [4], was carried out in the ANSYS environ-
ment. The authors considered the method of setting the
parameters for constructing computational grid, setting
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initial conditions, and also compared the results obtained
for models with and without a gap, as well as with field
tests. The discrepancy with the model test for the model
with a gap in the case of calculating the cavitation head-
room was about 15 %, without a gap — 10 %. However,
the clearance model showed better head convergence with
the model tests. Also, the model without a gap does not
take into account the vortex component of the flow. The
authors conclude that the model with a gap is more appli-
cable to modeling cavitation flow than without it.

Articles [8—12] were also considered in [7], where the
authors compared the results obtained with the results
of the authors of [8—12], however, it also seems necessary
to consider cavitation models applicable in them and
the authors' conclusions about the possible reasons for the
discrepancies in the modeling results and model tests.

In the article [8], the authors consider development
and application of numerical methods for cavitation mod-
eling. The work was carried out in the CFX TASC flow
2.12 software environment. Currently the developers of
this software environment are part of ANSYS. The con-
structed model was compared with the results obtained in
model tests of the National Graduate School of Arts and
Crafts. In the preface, the authors note that for flows with
large accelerations, it is necessary to use a solution
method based on solving the conservation equations for
each of the phases and used in the development of non-
equilibrium conditions for the exchange of heat, mass,
momentum between phases. Moreover, the models will
contain certain assumptions. The model used by the au-
thors in [8] is based on the use of a non-equilibrium ap-
proximation in order to reduce the number of equations to
be solved. According to the simulation data, in compari-
son with the real experiment, the results of the numerical
model converge agree with the indicators of the ratio of
expenses (current to nominal) from 0.91 to 1.09. In this
work, a simplified Rayleigh — Plesset equation was used,
which is similar to the equation used in the ANSYS CFX
software environment.

The article [9] also discusses the problem of cavitation
numerical simulation. The authors emphasize that at the
time of 2003 the problem of flow optimization by reduc-
ing cavitation was rarely used and mainly suggested op-
timizing the flow angle at the pump input. This article
discusses several software packages CFX-Tascflow,
FLUENT and STAR-CD. FLUENT, like CFX-Tascflow,
is currently part of the ANSYS package and allows the
use of Zwart-Gerber-Belamri, Schnerr and Sauer and
Singhal et al. The STAR-CD package is also in produc-
tion today and uses the Rayleigh-Plesset cavitation model.
At the time of this article writing, none of them take into
account three-dimensional turbulent flow and viscosity
effect. Based on the simulation results, the authors note
that of the three selected programs, CFX-Tascflow shows
the most accurate results in comparison with the model
test. Also, the most accurate results obtained in CFX-
Tascflow were compared with a simplified method based
on the use of the initial shape of the cavitation cavity.
This model is described in detail in [9]. Both methods are
good at predicting the starting level and the percentage of
head drop. Based on the comparison results, the authors
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conclude that none of the proposed software packages at
the time of 2003 justifies the time spent on the calcula-
tion, as compared to the achieved level of accuracy. How-
ever, CFX-Tascflow simulation data remains relatively
accurate.

Article [10] addresses the issues of cavitation model-
ing in a diagonal centrifugal pump. In the article the au-
thors employ the commercial package ANSYS CFX and
clarify that they use the ANSYS CFX model without
changes, that is, a model based on the VOF (volume of
fluid) method. The aim of the study was to test the appli-
cability of this commercial package as part of a standard
engineering study. In terms of building a spatial model
and a method of breaking it up into elements, the authors
note that the hexahedral mesh is preferable to the tetrahe-
dral one when modeling flows in turbopump units. Also
in the model moving and stationary parts of the mesh are
connected using the frozen-rotor interface. As in the work
of previous authors, the studies also consider cavitation at
higher, equal or lower than the nominal pump flow rate.
In comparison with real tests the authors note that cavita-
tion in the model begins with a lower number of cavita-
tions and pressure drop is steeper. They attribute this to
the lack of accounting for instability in the numerical
model used. Under overload conditions at a flow rate
of 1.25 of the nominal flow rate, the model showed the
results that are closest to the real experiment. Analyzing
the data obtained, the authors confirm that the model built
in ANSYS CFX shows accurate results in terms of dis-
playing the position, size of the cavitation cavity, and also
emphasize the importance of using meshes based on
hexahedral elements.

In the article [11], the authors consider numerical
simulation of cavitating flow performed according to the
standard model built into ANSYS CFX. The authors com-
pared the results of numerical simulation with the stan-
dard model used in ANSYS CFX, as well as with the
model with a modified k- turbulence model, which takes
into account the cavity compressibility in the cavitation
flow. Also, the Schnerr-Sauer cavitation model is used for
the modified k-o turbulence model. The comparison was
also carried out with real model tests and showed that,
despite discrepancies between the real cavitation curve
and the one built on the basis of numerical simulation, the
modified k-o model gives results that are closer to real
data. However, at a higher flow rate the pressure drop
curves obtained using the two models have practically no
differences. Apart from that, in comparison with model
tests cavitation occurs with a lower number of cavitations
and the total head is higher in both numerical models. The
high head is explained by the imperfection of the model
and the lack of accounting for flow losses that inevitably
arise during the real pump operating. Based on the com-
parison results, the authors concluded that the use of the
Schnerr-Sauer model can improve the accuracy of cavita-
tion flow modeling.

In the article [12], the authors analyze the effect of
cavitation flows on screws with different blade geometry.
A number of studies have been carried out for each of the
three geometry options. In their work, the authors used
the Fluent software package. In the mass transfer model,
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the cavitation rate is also based on the simplified
Rayleigh-Plesset model. Before working with pumps, the
authors did preliminary work in terms of studying cavita-
tion, first in Venturi tubes, then in two-blade cascades and
axial screws. The type of emerging cavitation and the
development of cavitation during the test were determined
for all of the above geometries. In terms of a more accu-
rate behavior of the flow characteristics, considering the
comparison of the stable flow of model tests and numeri-
cal modeling: similar to previous studies, the numerical
model shows the onset of cavitation at large cavitation
numbers for all three pumps tested by the authors. The
authors also note that the results are in good agreement.
The factors influencing the discrepancies between model
tests and numerical modeling, according to the authors'
conclusions, are: modeling of only one interscapular
channel and, as a consequence, the lack of consideration
of interactions between the channels, in comparison with
the real geometry of the model is ideal without defects
and deviations, as well as a numerical model does not
take into account the radial clearance.

The article [13] presents the development and numeri-
cal simulation of cavitation flow based on a set of open
source tools in OpenFOAMR, allowing the use of various
cavitation models. The authors carried out work consider-
ing applicability of various cavitation models to the prob-
lem of cavitation flow modeling in the pump. In the arti-
cle, the authors reviewed 4 models: Kunz et al, Merkle et
al., Schnerr-Sauer-Yuan and Zwart et al. As in all previ-
ous studies, a 3 % head drop due to cavitation was mod-
eled. Of the above models, the Zwart model first showed
the best results on the airfoil and was then used to simu-
late cavitation flow. Comparison with model tests also
showed high head values, but low values of the cavitation
volume for the numerical model compared to the experi-
mental one. The authors explain this discrepancy by the
fact that the material used to create the impeller has a low
stiffness and could deform during a real experiment,
which cannot be taken into account in the numerical
model; pump operation in a numerical model.

In article [14] the authors consider unsteady flow in
the pump, as well as structural calculation of strength
based on hydraulic calculation. Despite the fact that the
main topic of this article is the analysis of the possibility
of realizing the combination of interrelated strength and
hydraulic calculations in the software package, the au-
thors also carried out research in the field of cavitation
modeling. When carrying out hydraulic calculations, a
comparison of model tests and a numerical model was
also carried out. The authors used the Zwart — Gerber —
Belamri model, also based on the simplified Rayleigh —
Plesset model. This model was also used by the authors of
the article [13]. The results presented by the authors show
good agreement with model tests. The numerical model of
cavitation shows the onset of stalling at large cavitation
numbers, in comparison with model tests, at a pump flow
rate equal to the nominal (1.0 Q,). Note that in this study,
the values of the head during the real test and the results
of the numerical model are close to each other.

The article [15] considers pump impeller optimization
in order to increase productivity. The work was carried
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out using the CFturbo 9.0 software. Despite the fact that
the main topic of this article is the pump efficiency in-
crease, the authors also carried out tests in terms of de-
termining the cavitation characteristics. Prior to present-
ing test results with already optimized geometry, the au-
thors also compared numerical and model tests results.
Provided that a two-phase vapor-liquid model is used with
a k-g turbulence model and a constant mass fraction of
gas, based on the already Rayleigh-Plesset equation, the
numerical simulation data give almost identical results in
comparison with model tests.

Conclusion. Having considered all the above works
along with conclusions made by the authors, it is possible
to define a number of factors that affect the accuracy of
cavitation modeling in software packages, which must be
taken into account:

— to increase the simulation accuracy it is necessary to
take into account the working fluid leaks during the op-
eration of the TNA pump;

— it is important to take into account the clearance be-
tween the blades and the casing wall in geometric models;

— when choosing a numerical model, it is necessary to
consider both the model of cavitation and turbulence.

In summary, the results of [13] and [14] show good
convergence of the numerical model and real experiment,
which allows to conclude that the Zwart — Gerber — Be-
lamri model, also based on the Rayleigh — Plesset model,
is more applicable for cavitation flow simulating in a
pump. This line of research is relevant, but insufficiently
developed for application in engineering calculation
methods and design of TNA LRE, especially for obtain-
ing numerous options for more advanced designs at the
initial stages of new models of rocket engines develop-
ment.
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SIMULATION OF THE INDUCTION SOLDERING PROCESS OF WAVEGUIDE PATHS
FROM ALUMINUM ALLOYS

O. A. Bocharova*, A. V. Murygin, A. N. Bocharov, R. V. Zaitsev

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
“E-mail: shyx 89@mail.ru

A system of waveguide paths is a complex structure of various elements with various geometries. Induction solder-
ing based on the induction heating method is one of the promising methods for waveguides fabricating. Induction sol-
dering of waveguide paths has a number of technological features: the melting temperature of the base material AD31
(695663 °C) slightly differs from the melting temperature of St. AK12 solder (577-580 °C) at an average induction
heating rate of 20-25 °C / sec; a wide variety of standard sizes of waveguide paths elements complicates the develop-
ment and subsequent reproduction of technological parameters of the induction soldering process; zones of maximum
heating of waveguide paths elements do not coincide with zones of soldering. Therefore, to solve the problems of con-
trolling the waveguides soldering process, it is necessary to simulate this process. The paper deals with the problem of
simulating the process of heating a waveguide during induction soldering. Requirements for the process model have
been formed. The model is built on the basis of the differential heat conduction equation. The formed model require-
ments take into account the geometric parameters of waveguides, the physical parameters of materials, the initial and
boundary conditions, as well as the uneven distribution of eddy current density in the waveguide. It is proposed to use
the finite difference method for the numerical solution of the heat conduction equation. The process of calculating the
temperature at the grid nodes is shown. The authors propose a two-stage solution. At the first stage, at an intermediate
time step, the temperature at the grid nodes along the X axis is calculated. At the second stage, the temperature at the
grid nodes along the Y axis is calculated. The numerical solution of the difference equations along the X and Y axes is
carried out by the sweep method. An algorithm for the numerical solution of the heat conduction equation has been
developed.

Keywords: waveguide path, induction soldering, model of the waveguide heating process, differential heat conduc-
tion equation, finite difference method.

MOJEJUPOBAHUE NNPOIECCA MHAYKIMOHHOM MAMKHA BOJTHOBOHBIX TPAKTOB
N3 AIIOMUHUEBBIX CIIJIABOB

O. A. Eo'{apOBa*, A. B. MypsiruH, A. H. Bouapos, P. B. 3aiines

Cubupckuii rocy1apcTBEHHBIH YHHBEPCUTET HAyKH U TEXHOJIOTHI UMeHH akanemuka M. @. PemerHena
Poccuiickas @enepaunsi, 660037, r. KpacHosipck, npoctt. um. ras. «KpacHosipckuii padounii», 31
*® . .
E-mail: shyx 89@mail.ru

Cucmema 801HOBOOHBIX MPAKMOE NPEOCMABIsen cOO0U CIONCHYIO KOHCMPYKYUIO U3 PATUYHBIX IEMEHMO8 ¢ pa3-
Hoobpasnou ceomempuei. OOHUM U3 NEPCHEKMUBHBIX CHOCOO08 U320MOBNEHUSI BOTHOBO008 AGNAEMC UHOYKYUOHHAS
navika, OCHOBAHHASL HA Memooe UHOYKYUOHHO20 Hazpesd. MHOYKYUOHHAs NAlKA 8OTHOBOOHBIX MPAKMOS obiadaem
PAOOM MEXHONO2UHECKUX OCOOEHHOCMEN. OMHOCUMENbHO HeOONbUAs PA3HUYA MEMRepanypbl NAAGLeHUst OCHOBHO20
mamepuna AJ31 (695-663 "C) u npunos Ce. AK12 (577-580 C) npu cpeoneii ckopocmu UHOYKYUOHHO20 Hazpesd
20-25 "C/cex; Gonbuioe paznoobpasue munopazmepos 31eMeHnos BOIHOB0OHIX MPAKMOE NPEOCMABIAEN CIOHCHOCTb
npu ompabomke u NOCiLedyiowemM 80CHPOU3BEOCHUU MEXHOIOSUYECKUX NAPAMEmMPO8 Npoyecca UHOYKYUOHHOU NAauKu,
30Hbl MAKCUMATILHO20 HAZPEBA DNEMEHMO08 B0THOBOOHBIX MPAKMO8 He coenadaiom ¢ 30Hamu natixu. [losmomy ons pe-
weHus 3a0ay YnpagieHusi npoyeccom NAauku 80IHOB0008 HEODX0OUMO NPOBECHU MOOeIUposanue OaHHO20 Npoyecca.
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Texnonozuueckue npoyeccost u mamepuaiiol

B cmamve paccmompena 3a0aua Mooeruposanus npoyecca Hazpesa 60IH0600A npu UHOYKYuoHHoU naiike. Cpopmupo-
eanbl mpebosanusi Kk mooenu. Modenb cmpoumcs Ha OCHOGe OUP@EPEHYUATbHO20 YPABHEHUST MENIONPOBOOHOCMU.
Cpopmuposanmvie mpebosanus Kk MOOEU YHUMBIEAION 2eOMEMPUYECKUe Napamempol 60JIH080008, (usuieckie napa-
MEmpbl MAMEPUANLO8, HAYANLHBLE U PAHUYHBLE YCILOBUSL, A TMAKICE HEPABHOMEDHOE pachpedenetie NIOMHOCIU 6UXpe-
6020 moxa 8 goanosode. IIpeonacaemcst O HYUCIEHHO20 DPEUEHUS YPAGHEHUS MENIONPOBOOHOCIU UCHONb306AMb
Memoo koneunvix paznocmeti. Ilokasan npoyecc paciema memnepamypoi 8 yiax cemxu. Pewenue ocywecmensiemes
6 06a smana. Ha nepsom smane na npomescymouHom epemennom wiaze npogooumcs pacyem memMnepamypsl 6 yauax
cemku no ocu X, Ha 6mopom smane ebluUCisemcs memnepamypa 8 ysiax cemku no ocu Y. Qucnennoe peutenue pasno-
cmublx ypaerenuti no ocu X u Y ocywjecmensemcst memooom npo2ouku. Pazpaboman aneopumm wucieHHO20 pewierust

VPagHeHusi menionposoOHOCHIL.

Knioueswvie cnosa: 8onH0600HbIN mpakm, UHOYKYUOHHAA NALIKA, MOOelb Npoyecca Hazpesa 801H0800a, Oudgeper-
YuanvHoe ypasHeHue menionposooOHOCU, MeMO0 KOHEYHbIX PASHOCHELL.

Introduction. Systems of waveguide paths are widely
used in spacecraft to ensure their functioning and trans-
mission of electromagnetic energy in them [1].

A system of waveguide paths is a complex structure of
various elements with various geometries (fig. 1).

Various methods are used to connect the structural
elements of waveguide paths: argon-arc welding, solder-
ing in salt baths, soldering using a laser source [2-5].

Induction soldering is one of the promising methods
for waveguide paths fabricating [1; 3].

Induction soldering provides contactless, fast and lo-
cal heating of the soldering point. It reduces the oxidation
of current-carrying surfaces and waveguide warping. The
equipment providing induction heating is rather compact
and easily controlled, which allows automated controlling
the soldering process [6].

However, induction soldering of waveguide paths has
a number of features [7]:

1. The melting temperature of the base material AD31
(695-663 °C) slightly differs from the melting tempera-
ture of St. AK12 solder (577-580 °C) at an average induc-
tion heating rate of 20-25 °C / sec.

2. A wide variety of standard sizes of waveguide paths
elements complicates the development and subsequent
reproduction of technological parameters of the induction
soldering process.

3. Zones of maximum heating of the waveguide paths
elements do not coincide with zones of soldering.

Therefore, it is necessary to simulate the process
of heating the waveguide before setting the problem
of controlling the process of waveguide paths induction
soldering.

Fig. 1. An example of a section of a waveguide distribution system:
a —a direct element; b — a curved element with a variable radius of curvature;
¢ —a curved element with a constant radius of curvature; d — a coupling; e — a flange;
f—aflexible section; g — an intermediate support

Puc. 1. [Ipumep ydacTka BOTHOBOAHO-PACTIPEICTUTEIBHON CUCTEMBI:
a — IPSIMOY 3JIEMEHT; 6 — KPUBOJIMHEWHBIH JIEMEHT C IIEPEMEHHBIM PaIiyCOM KPHBH3HBI;
6 — KPUBOJIMHEHHBIH 3JIEMEHT C MOCTOSHHBIM PaZINyCOM KPUBHU3HBI; 2 — COSAUHUTENbHAS My (Ta;
0 — (manen; e — THOKas CEKIMS; o¢ — IPOMEXYTOUYHAs OIIOpa
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a

0

Fig. 2. The researched system “inductor — waveguide™:
1 —a waveguide pipe; 2 — a flange; 3 — an inductor

Puc. 2. Uccnenyemas cuctemMa «MHIYKTOP — BOTHOBOI:
1 — BonHOBOAHAs TpyOa; 2 — dranerr; 3 — HHAYKTOP

Construction of a waveguide heating model. The
connection of the straight section of the waveguide tube
and the flange was chosen as a typical object for consider-
ing the process of induction heating (fig. 2).

The inductor (without considering the power part of
the induction equipment) is a ring made of copper (fig. 2).
The inductor is a source of alternating magnetic field,
which forms eddy currents flowing in the waveguide. The
calculation of a simplified two-dimensional waveguide-
inductor circuit showed that the eddy currents in the
waveguide are unevenly distributed [8—10].

Based on the above, it is possible to construct a
mathematical model of heating the waveguide path during
induction soldering, taking into account the following
assumptions:

—the spatial configuration of the system allows
us to restrict ourselves to a simplified two-dimensional
model;

—a general model can be used to simulate a pipe-
flange system, since the waveguide elements can be rep-
resented by plates in a simplified form.

For a generalized model of thermal processes occur-
ring during induction soldering of waveguide paths, we
take the differential equation of heat conduction [11].
Since the heating of the waveguide is due to eddy currents
flowing in it, a permanent heat source is added to the for-
mula:

oT(x,y,t) _
ot
O’T(x, 1)  O*T(x,y.0)
=a + +qg(x, ;t > 1
[ o e q(x,y,t), (1)
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where a is the coefficient of thermal diffusivity of the
material; 7 is temperature; ¢ is time; x, y are Cartesian
coordinates; g(x, y, ) is a permanent source of heat.

Equation (1) describes a variety of options for the
waveguide heating process flow. Therefore, in order to
simulate the thermal processes occurring during induction
soldering, it is necessary to add single-valued conditions
to equation (1). Single-valued conditions may contain
geometric, physical, initial and boundary conditions.
These conditions are as follows:

—a simplified geometric two-dimensional model of
the waveguide is adopted, shown in fig. 3;

—eddy currents are supposed to flow over the surface
of the waveguide [12];

— it is taken into account that the eddy current density
is distributed unevenly due to the shape of the waveguide
and the location of the inductor relative to the waveguide
[12];

— thermophysical characteristics of the waveguide ma-
terial are constant;

— the initial temperature of the waveguide is the same
along its entire length:

T(x,y) = T;= const;

— heat exchange with the environment (Newton’s
boundary condition) is carried out by the inner and outer
surface of the pipe:

oT
297Cx,y,1)
Ox

where b is the heat exchange coefficient; 7en is the
temperature of the environment; 0 < x < /, (inner side);
0 <x <1, hy (outer side);

=b(T(x,y,t)—Ten),
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Fig. 3. A simplified geometric model of the waveguide:
1, — length of a pipe; 4, — width of a pipe; #,— width of a flange; /,— length of a flange
Puc. 3. YroporienHas reoMeTprudecKkasi MOJIENb BOJIHOBO/A!
I7— mHa TpYOBL; Ay — muUpHHA TPYORL; /iy — mupuHa Quanma; /,— niuHa draHna
F
N NN,
¥y J
C * - 7 P
g
2§ it i
____________________ 2 NN LA 2 [
______________________________________ NS N N
o
0 N X
x
Fig. 4. A difference mesh of the solution domain
Puc. 4. Pa3zHocTHas ceTka 001aCTH penIeHus
— heat exchange with the environment is carried out by — heating power remains constant g(x,y,t) =const ;
the upper and side faces of the flange. — heat exchange between the pipe and the flange is as-
For the upper face: sumed to be zero.
oT (x, y,t i i i
4 (x, 3,1) = b(T(x,y,1)—Ten), For 'the I}umerlcal solution of equation (1), we apply
Oy the finite difference method [13-15]. Let us consider

the method applied to a waveguide tube.
To approximate equation (1) by the finite difference
method, we represent the pipe as a set of nodes with

where h, <y <h, + .
For the side face:

aM:b(T(x,y,t)—Ten), coordinates (fig. 4): x; = i-hy, y; = j-hy, tx = kt, where
Ox hy, hy is the step along the coordinate grid x, y; T is the
where [, —hy <x <[, time step.
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Let us sample equation (1) in two stages. At the first
stage, at an intermediate time step T / 2, we carry out
sampling along the X axis; at the second stage, we carry
out sampling along the Y axis. We obtain equation (1) in
the difference form [15]:

L2 -Tf 1T —20 24T, 7 | gl
y n y +l,J h/2 >/ +qij 2 , (2)
2 X
Tk —Tk+2 Tkl _opk+l |kt
i,j ij i,j+1 i i,j-1
e J+qﬁ‘, ()
2 X
where Z/k =T(x;, ;54 5 q,-'f,- =q(x;, ;1) -

Solving first equation (2), and then equation (3), we
determine the temperature field at a whole time step.

Approximation of the boundary conditions for a pipe
is as follows:

Tk -1k
WS o (T~ Ten) , if0<i< N, j=0,
hy
Tk
ij-1" i,j _ k . . .
) =b(T;; —Ten),if0<i<N,, j=N,.
y

The sweep method [14] is suitable for solving differ-
ence equations (2) and (3). Let us consider this method
using the example of solving equation (2). We transform
the equation (2) [14]:

k+1 k+l k+L k+L r
2 2 2
T 2| Ty Tg  Taj Ty ket
+a — |= > St
z h; h h; I ’
2 2
Then
1 2¢q |kt a ikl a ikl 1 4 1
2 — 2 2 2
(7+h2 T, =l h—zTH,j +-T 44,
2 X X 2
Hence we get
k+‘ 1
al];j bl];+1 J +CzT; +di +qij > (4)
where
1 2 q 1k
i:7+h—2; bj=c¢;=—7;d; =T
2 X x 2

For the boundary points 0 and N,, we write equation
(4) in the following form:

k+l

a, OJZ—bT +d,, 5
k+d k+l
aNTN,jZ =CNTN_|2J- +dy. (6)

The sweep algorithm begins by writing equation (5) in
the form:

k+l k+l
To,jz =RT;*+0, (7

_4h

by
Y QO -
0 ay

and boundary conditions of the simulation.

>

where F) = are determined by the initial
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We substitute relation (7) into (4) for i = 0 Continuing

the process of sequential substitution T,- 2can be ex-
pressed through T o :
ol
T; 2 = +1] +Q, ) (8)

where P; m Q; are new coefficients obtained during
the substitution process. Using expressions (8) and (4),
we can obtain formulas for calculating P; u Q;:

b
= 9
— ©)
d;, +c0,_,
i =i 10
O (10)
When calculating By and O, we get that P, =0,
by = 0. Therefore, 7y will be equal to Q) . Having
calculated 7, in this way, one can start the backward-
sweep process to obtain Ty, Ty, ..., T2, T1, To [9].
k+d k+—
L, =P. T.3+0,. (11)

Based on the above, we can formulate a solution algo-
rithm:

1. We calculate P, and Q,, the coefficients ay, by, dj
are determined using the initial and boundary conditions.

2. We calculate P; and Q; fori =1, 2, ..., N,, using
expressions (9) and (10).

3. We suppose Ty= QOy.

4. We substitute Ty into formula (11) and determine
Tnis Tnos ooy Try Thy T

The algorithm for solving equation (3) is similar. The
coefficients included in equation (3) will take the follow-
ing form:

5 bi =C =—

The sweep will be carried out on index ;.

The Elcut software package was used to calculate the
eddy current density distribution in the waveguide pipe
and flange. The results confirm the previously accepted
assumptions when setting the simulation problem. Fig. 5
and 6 show that the eddy current density increases sharply
on the corner surfaces of the pipe and the waveguide
flange. In addition, in fig. 5 the eddy current density de-
creases sharply in the thickness of the pipe and flange
walls. Eddy current flow areas are well localized (fig. 6).

Fig. 7 shows the results of heating the waveguide ac-
cording to the proposed model.

To check the simulation results, the temperature
change at control points 1 and 2 was taken (fig. 7). The
control points coincide with the points of temperature
measurement during the process of heating the waveguide
using induction equipment [16; 17].

As it can be seen from fig. 8 and 9, the simulation re-
sults quite accurately describe the process of the
waveguide elements heating. Consequently, this model
can be used to simulate an automated control system for
soldering waveguide paths and analyzing control algo-
rithms.
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Fig. 5. The distribution of pipe eddy current density for the size 35x15 mm:
a — in the large side of the pipe; b — in the thickness of the pipe

Puc. 5. Pacnipesienenue mioTHOCTH BUXPEBOTo TOKa TPYObI st TUIIOpazmepa 3515 mm:
a — 10 OOJIBIIOI CTOPOHE TPYOBI; 6 — MO TOJIIMHE TPYOBI

NN

.@

Fig. 6. The distribution of eddy current density in the “inductor — waveguide” system for the size 35x15
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Puc. 6. Pacnpe/:[eneHHe IJIOTHOCTH BUXPEBOI'O TOKAa B CUCTEME «MHAYKTOP — BOJIHOBOA» AJI TUIIOpa3MeEpa 35%15 mm
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Fig. 7. Temperature fields of the waveguide during induction heating

Puc. 7. TemneparypHsble 110Jis1 BOJTHOBOAA TPU MHAYKLIMOHHOM HarpeBe
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Fig. 8. Heating of the 35 x 15 waveguide pipe:
1 — calculated values; 2 — measured data
Puc. 8. Harpes Tpy0ObI BomHOBOa TUOpazMepa 35 x 15:
1 — pacueTHbIe 3HaYCHUS; 2 — U3MEPEHHBIEC JAHHBIE
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Fig. 9. Heating of the 35 x 15 waveguide flange:
1 — calculated values; 2 — measured data
Puc. 9. Harpes ¢nanna BomHOBOMa THIIOpa3Mepa 35 x 15:
11— pacyeTHbIC 3HAYCHUS, 2- H3MEPCHHBIC TaHHbIC
Conclusion. 1. The process of induction soldering of 2.To simulate the process of the pipe and the

waveguide paths has a number of features, which compli-  waveguide flange heating, it is most expedient to use the
cates the selection of process parameters for various types  finite difference method.

of waveguide paths and process control and suggests the Acknowledgments. The reported study was funded by
need to simulate the heating of waveguides based on the = Russian Foundation for Basic Research, Government of
differential equation of heat conduction. Krasnoyarsk Territory, Krasnoyarsk Regional Fund of
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The topological point defects in nematic liquid crystal materials have been studied. The method of oblique light in-
cidence has been proposed to determine an azimuthal director angle of an achiral nematic as well as a chiral nematic
(cholesteric). The idea of the method is based on the dependence of the optical phase difference between ordinary and
extraordinary light beams on the azimuthal director angle at the layer center at oblique incidence of light on a structure
in which the polar director angle of a nematic liquid crystal is not equal to 0° or 90° (conical boundary conditions).
It has been shown that the phase difference reaches a maximum at a zero azimuthal angle at the center of the layer re-
gardless of the total twist angle of the director. The developed method has been used to analyze topological defects
formed in the nematic and cholesteric layers under conical boundary conditions at the interface. The director field
distributions of nematic and cholesteric near the surface point defects (boojums) with topological charges m = +1
and m = —I have been drawn based on the experimental data. The proposed method of oblique light incidence can
be used to analyze a wide class of the achiral and chiral liquid crystal media of various types: smectics, nematics,
and cholesterics with tilted or hybrid boundary conditions.

Keywords: topological defect, orientational structure, nematic liquid crystal, optical phase difference.
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Hccnedosanvr mononozuueckue moueynvle O0eghekmvl 6 HeMAMUUecKUx MHCUOKOKPUCIANIUYECKUX Mamepuanax.
Ilpeonooicen memoo HAKIOHHO20 NAOeHUs C8emd, NO3ONAOWUL ONpedensamsb A3UMYMAlbHbIN Y20l OUPeKmopa axu-
PATbHO2O HeMAmuKa, a makdice 3aKpydeHHo2o nemamuka (xonecmepuxa). Cymv memooa cocmoum 6 mom, Ymo npu
HAKIOHHOM NAdeHuu ceema Ha cmpykmypy ¢ omauunvim om 0° u 90° norapHeim yenom Oupekmopa Hemamuieckozo
JHCUOKO20 KPUCMANNA (KOHUYeCKUe 2PAHUYHbIE YCL08USL) ONMUYECKasi pazHoCmb (a3, 603HUKAIOWAS MeNCOY 0ObIKHO-
BEHHBIM U HEOOBIKHOBEHHBIM JYUAMU, ONPeOeNAemcs BeIUYUHOL A3UMYMAIbHO20 Yeld OUPeKmopa 6 yeHmpe CIOsL.
Tokazano, umo maxcumanbHoe 3HaveHue pasHocmu (az 0ocmueaemcs npu Hy1eoM A3UMYMAaibHOM Yele 8 YeHmpe
Cl0SI HE3ABUCUMO OM NOJHO20 Yela 3aKkpymiku oupekmopd. Paspabomannviii memoo 6vLi uChonb306an Ol AHAIU3A
MONON02UECKUX OeheKmOos, POPpMUPYIOWUXCS 8 CILOSIX HEMAMUKA U XOIeCMEPUKA ¢ KOHUYECKUMU SPAHUYHBIMU VCIO-
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susAMU Ha MedcazHou epanuye. Ha ocHoganuu nomyueHHblXx SKCNepUMEeHMANTbHbIX OaHHbIX ObLIU NOCMPOEHbL pAcCnpe-
Oefierust noJisi OUPEeKMopa HeMAmuKa U X01eCmepuxa 01u3u N08ePXHOCHHbBIX MOYeyHbIX dedexkmog (0y0xicymos) ¢ mo-
nonocuueckumu sapaoamu m = +1 um = —1. [onyuennvle pezyromamol unmepechuvl 05 UCCICO08AHUU CIPYKMYPUPO-
BAHHBIX MAMEPUATLO8, AHAIUZA ONMUYCCKUMU MEMOOaMU 0eheKmos CIMpYKmyp, a RPEOIONCCHHbIL MEMOO HAKILOHHO2O0
NAOeHUs. C8EMa MONCEM UCNONb306aMbCS O AHAIUZA WUPOKO20 KIACCA AXUPATBHBIX U XUDATbHBIX HCUOKOKPUCTIALIU-
YeCKUX cped pasIUNHO20 MUNA: CMEKMUKO8, HeMAMUKOE U XOIeCMEPUKOS C HAKIOHHBIMU UL 2UOPUOHBIMU 2PAHUYHbL-

MU YCIOBUAMU.

Kniouegvie cnoea: mononocuveckuii degpekm, OpueHmMayuoHHas CMpPyKmypd, Hemamudeckull JCUOKUl Kpucmaii,

onmuy4eckas pasHocmbs gba3.

Introduction. Liquid crystals (LC) are anisotropic
liquids with long-range orientational order of molecules.
The orientation of LC molecules is characterized by the
director n, which is a unit vector oriented along the pre-
ferred orientation of the long axes of the molecules [1].
A rich variety of forming configurations of the director's
field is possible in an LC, depending on the boundary
conditions (preferred orientation of the director at the
interface), material parameters of the LC (elasticity con-
stants, helix pitch), external electric or magnetic fields
[2]. In this case, defects can be formed in the system,
where significant distortions of the director field are ob-
served. And vice versa, upon induction of strong distor-
tions in the volume, for example, by magnetic (electric)
fields or introduction of microparticles into the LC, topo-
logical defects are formed. The resulting distortions of the
director field facilitate interaction between defects and
particles which can be found in the effects of self-
ordering of defects [3-5], colloidal [6; 7] and magnetic
[8] particles, makes it possible to control the position of
microparticles [9], and determines the group motion of
defects in external electric field [10]. Thus, topological
defects are an important feature that significantly affects
the main characteristics of liquid crystal materials (opti-
cal, electro-optical, dynamic) which determine their pros-
pects for various applications in modern information
technologies.

Point bulk (hedgehogs) [11; 12] and surface (boo-
jums) [13] defects, linear defects [14] and two-
dimensional defects (walls) [2] can be formed in nematic
LC. In the case of twisted nematic with the ratiod /p =~ 1
of the layer thickness d and the helix pitch p, soliton-like
structures [15] or linear defects [16] can be formed in the
system. The possibility of formation and stability of vari-
ous types of defects is determined by the boundary condi-
tions specified on the substrates. Thus, under degenerate
tangential (planar) boundary conditions (the angle be-
tween the director and the normal to the surface is 90°),
a schlieren texture is formed in the LC cell which consists
of point and linear defects, the strength of which depends
on the ratio of the LC elastic constants [17]. In the case of
homeotropic anchoring (the angle between the director
and the normal to the surface is 0°), there are initially no
defects in the system, but the application of an electric
field or a combination of electric and magnetic fields
promote the formation of an ordered set of point defects
[3], two-dimensional defects [2], or soliton-like structures
in twisted nematic [15]. Under homeo-planar boundary
conditions, the formation of point defects on a substrate
with planar anchoring or a structure of domains with
closed linear defects is possible in the system.
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Conical boundary conditions (the director is oriented
to the surface normal at an angle other than 0° and 90°)
are more suitable for the occurrence of defects. For exam-
ple, in a cell with a conical anchoring, point, linear, and
two-dimensional defects are formed even when there are
no external fields [18]. In the case of a twisted nematic
with planar-conical anchoring, linear defects are formed
[19] or domains bounded by a closed linear defect with a
pair of point singularities [20]. At the same time, point
defects in LC systems with conical anchoring have not
been practically investigated to this date.

This work presents for the first time the results of
studying the structures of point defects formed in nematic
and twisted nematic under conical boundary conditions on
both substrates.

Materials and methods. The studies were carried out
for a nematic LN-396 mixture (Belarusian State Techno-
logical University) and LN-396 mixture doped with a left-
handed chiral addition of cholesteryl acetate (Sigma
Aldrich). The concentration of cholesteryl acetate was
0.2 % which determines the pitch of the cholesteric helix
with a value of p = 72.5 pm [19]. The studies were carried
out in LC cells consisting of two glass substrates assem-
bled in such a way that a gap is formed between them
which is filled with a liquid crystal (fig. 1, a). Glass sub-
strates were coated by centrifugation with a poly(isobutyl
methacrylate) film (Sigma Aldrich) which sets conical
boundary conditions for the used nematic LN-396 with
a polar angle 6,4, = 40° [21]. The thickness d of the LC
layer was set with glass balls and was measured by the
interference method until the cell was filled with a liquid
crystal. LC cells were filled at room temperature and kept
for at least 24 hours before to the study. The studies
were carried out using a polarizing microscope (POM)
Axiolmager.M1m (CarlZeiss) with a 20x / 0.22 long-
focus objective in monochromatic light with a wavelength
of A = 546 nm. The refractive indices of LC LN-396
n, =1.528, oy =1.741 (A = 546 nm).

Oblique incidence light method. It is convenient to
describe the distribution of the director field in the cell
using the polar 6 (x, y, z) and azimuthal ¢ (x, y, z) angles
(fig. 1, b). In this case, the rn-director is described by the
following equation:

n, = sin(G[x,y,z])cos((p[x,y,z]),
n, =sin(O[x,y,z])sin((p[x,y,z]), (1
n, =cos(9[x,y,z]).

Generally, the angles 6 and ¢ can vary both over the
thickness of the LC layer and in the plane of substrates.
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This is more typical for the LC areas near defects, and the
nature of the change in the angles is determined by the
type of defect. Conversely, the nature of the change in the
angles in the vicinity of the defect can be used to deter-
mine its parameters. In the case of point defects in nemat-
ics, the method of fluorescence microscopy is used [22].
In the case of an tilted orientation of the director in the
bulk which is realized under conical boundary conditions,
it is convenient to use the method of oblique incidence of
light proposed and described below in order to character-
ize defects.

Consider a twisted nematic away from defects. In this
case, we can assume that the polar angle of the director is
constant and equal to the tilt angle of the director on sub-
strates 0 (x, y, z) = 040 = 0., and the azimuthal angle
¢ (x, y) depends on the coordinate z linearly:

ProraL z, ©)

d

where @o(x, y) — azimuthal angle of the director at the
center of the layer (at z = 0), @roraL 1S the difference
between the azimuthal angles of the director on the upper
(z = +d/2) and lower (z = —d/2) substrates (the total azi-
muthal angle of rotation of the director on the layer
d-thickness). Consider the oblique incidence of the light
beam on the LC layer in the xOz plane (fig. 1, b). The
direction of the beam will be characterized by the unit
vector k(zsina, 0, cosa), where the plus sign corresponds
to the zero azimuthal angle for the vector k°, the minus
sign corresponds to the value of the azimuthal angle of the
vector k” equal to m. When Mauguin condition [23] is
fulfilled, we can assume that two linear waves propagate
in such a twisted structure, the phase difference between
which in the case of oblique light incidence at an angle a
is determined as:

(P(x»yaz):(Po(x=J’)+

ond | 'F nn

Acosa| 3, \/ni + (”H2 —n} )0052 (0

02
z=of/2jZ <
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where z’ = z/d, cos(0’) equals:
cos(0')=nk’ = isinocsin(@ty )cos((po (%) +@rora?’ )+
2

+cosacos(6%). “)

Fig. 2 shows the dependences on the angle @o(x, y)
of the &/d values calculated by equation (3) for several
values of the total twist angle @rorar at an oblique
incidence at an angle a = 5.33° (for the case shown
in fig. 1, b), and polar angle 6,, = 40°. It can be seen that
one maximum is observed in the dependences only at the
angle @o(x, y) = 0°, and an increase in the angle @roraL
leads to a slight decrease in the difference (8yax — Omin)/d
from a wvalue of approximately 0.43 rad/um
to 0.27 rad/um for angles @rorar 0° and 180 °, respec-
tively. Such a difference in the phase differences observed
for different azimuthal angles @, (x, ¥) can be easily fixed
for the commonly used LC cell thicknesses of about
10 um. At the same time, the angle o used for calculation
makes it easy to carry out observations with a polarizing
microscope using a long-focus lens. The data presented
in fig. 2 were obtained for positive angles @rorar (right-
handed cholesteric), while due to the symmetry of the
structure relative to the center of the layer, identical
results are obtained for negative angles @rorar (left-
handed cholesteric).

The above results were obtained from the assumption
that the polar angle of the 0-director is constant and there
is a simple linear dependence of the azimuthal angle ¢ on
the coordinate z. In general, these conditions may not be
met. For example, in a twisted nematic structure with sig-
nificant pretilt angles of the director on substrates, the
polar angle 8 begins to depend on the z coordinate, while
the dependence of the azimuthal angle of the director on
the z coordinate deviates from the linear law [24]. Never-
theless, the results obtained for simple cases show that the
maximum value of § is reached at @y(x, y) = 0° regardless
of the values of the angle 0,4, and QroraL-

Fig. 1. Scheme of LC cell (@) and the coordinate system used to calculate
the optical phase difference at oblique light incidence and the director
field around the boojums ()

Puc. 1. Cxemarnueckoe npeacrapnenue JKK saeiiku (a) u cucteMa KOOpAUHAT,
UCTIONb3yeMast IS PacueTOB ONTUYECKOH pa3HOCTH (ha3 B CIIydae HAKJIOHHOTO
HaJIeHUsI CBETa U MOJIS AUPEKTOpa BOKPYT Oy KyMOB (b)
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Fig. 2. Dependences of the ratio 8/d on the angle @¢(x, y) calculated
for some twist angles @rorar. The data have been calculated for the angles
a=5.33°0(x, y, z) = 04, = 40°, the wavelength A = 546 nm and the refractive
indices corresponding to LC LN-396

Puc. 2. 3aBucumoctu oTHOMmEHNUS O/d OT yria Qy(x, v), paCCUUTaHHBIE
JUIS HECKOJIBKUX YIJIOB 3aKPYTKHU Qrorar. PacueT caenan amns yrinos o = 5,33°,
0(x, y, z) = 04 = 40°, nMHBI BOJIHEI cBeTa A = 546 HM M TIOKa3aTenen
nipenomieHust, coorsercTBytommx KK JIH-396

Thus, this conclusion can be extended to the case of
an inhomogeneous slope and an uneven twist angle in the
case when the director distribution in the bulk is symmet-
ric about the center of the layer. It is this situation that is
realized in LC cells under the same boundary conditions
in the absence of external influences (for example, an
electric field). Further, this method will be applied to ana-
lyze boojums that form in nematic and twisted nematic
under conical boundary conditions.

Boojums in nematic. In the absence of a given orien-
tation of the director on the substrates (degenerate tangen-
tial or conical boundary conditions), point defects on the
surface (boojums) are formed in the system. Near
boojums, the orientation of the director on the surface
(plane z = d/2) can be described as [25]

n, = sin(ed/)cos(mg +&),
2

n, :sin(ed/)sin(m§+?;), (5)
2

n, = cos(e%).

where ( is the angle in the polar coordinate system (fig. 1, b),
m is the surface topological charge (strength) of the de-
fect, -t < & < 7 is the twist angle of the boojum. The
strength of the defect m and the angle & are used to clas-
sify boojums (as well as topological defects of other
types), and, accordingly, the determination of these two
parameters is sufficient to characterize the properties
of topological defects. The LC cell has two substrates
and the appearance of a boojum on one of the substrates
(for example, the upper one at z = d/2) should be accom-
panied by the formation of a point defect on the second
(lower one at z = —d/2) substrate. The identical distribu-

tion of the director near the boojums on the upper and
lower substrates (escaped state) will correspond to the
minimum of elastic energy. To determine the charge m,
the sample is observed in the geometry of crossed linear
polarizers (LP). In this case, extinction lines emerge from
the defect, the number of which N is related to the charge
of the defect by a simple relationship: N = |m|-4 (fig. 3, a).
The m sign can be determined by rotating the polarizers
relative to the sample or by observing in circular polariz-
ers (CP). In the case of boojums with m = +1, the interfer-
ence pattern observed in the geometry of circular polariz-
ers near defects will have radial symmetry, while for boo-
jums with m = —1, due to the inequality of splay, band,
and twist LC elastic constants, the interference pattern
will have lower symmetry (fig. 3, b). In the case of a
nematic, the total twist angle of the director is @rorar = 0;
accordingly, the azimuthal angle of the director turns
out to be independent of the coordinate z and is equal
to @y(x, ¥). Since in the vicinity of boojums the azimuthal
angle of the director varies in the range —180 ° < ¢ (x, y) =
=m{ + & < 180°, the twist angle & can be determined us-
ing the method of oblique incidence of light. In this case,
when implementing the scheme shown in fig. 2 &y
is observed under the condition (m{ + &) = 0, and Sy,
corresponds to the condition (m{ + &) = & (—m). It is con-
venient to use circular polarizers for this method.

The fig. 3 shows boojums with |m| = 1 which can be
seen from observations in the geometry of crossed linear
polarizers. When observed in the geometry of crossed
circular polarizers, the observed interference pattern
is determined only by the phase difference between
the ordinary and extraordinary waves. It can be seen that
the interference pattern in the vicinity of the boojums cor-
responds to the case when the phase difference increases
from zero to 6 > 4n as we move from the boojum to the
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periphery, which fits well with the parameters of the LC
cell with the LC layer thickness d = 14.6 um and the di-
rector tilt angle 6,, = 40°, for which the value 6 = 4.17n
is obtained from equation (3) at a = 0° and @roraL = 0.
This corresponds to the situation described above, when
the boojums on the upper and lower substrates are located
opposite one another (escaped state). In the geometry
of crossed linear polarizers from the boojum with m = +1
(fig. 3, the first row) four extinction bands emerge parallel
to the polarizers. When observed in circular polarizers,
the interference pattern is symmetric in the case of normal
incidence of light (a = 0°) (fig. 3, b, the first row). In the
case of oblique incidence of light at an angle o = 5.33°,
the symmetry of the interference pattern is broken (fig. 3, c,
the first row). Based on the change in the brightness of the
observed interference pattern, it can be concluded that the
maximum phase difference d,,,, corresponds to the extinc-
tion line oriented at an angle { = —90°, and 9§, corre-
sponds to the value of the angle { = +90°. This means
that the twist angle of the boojum on the upper substrate
§ =90° (fig. 3, d, the first row). Similarly, we can deter-
mine the twist angle of a boojum with a charge m = —1
(fig. 3, the second row). In the geometry of crossed linear
polarizers (at o = 0°), the extinction bands form a straight
cross oriented at an angle of 15° to the direction of the
linear polarizer LP. From the interference pattern ob-
served at an oblique (o = 5.33°) incidence of light in the

a b

.

geometry of circular polarizers, it can be seen that &
corresponds to an extinction band oriented at an angle
€ = —75° which corresponds to a boojum twist angle on
the upper substrate & =—75° (fig. 3, d, the second row).

It should be noted that the sample contains boojums
with the charge m = +1 and the twisting angle & close to
+ 90°. Thus, the boojum with m = +1 and | = 90° is ener-
getically most favorable for LC LN-396 in the case of the
director tilt angle 84, = 40°. For boojums with a charge
m = —1, different twist angles § are observed. This is a
consequence of the fact that the distribution of the direc-
tor field near the boojum with m = —1 at different angles
& differs only in the orientation of the symmetry axes,
i. e., the boojum with the angle & can be obtained
by rotating the entire structure (coordinate system)
of the director field with &, = 0 around the Oz axis by an
angle &/2 [25]. Thus, the total free energy of the nematic
director field near the boojums with m = —1, in contrast
to the boojums with m = +1, does not depend on the
twisting angle &.

Boojums in twisted nematic (cholesteric). The cho-
lesteric structures were studied for a cell with a thickness
of d = 12.7 pum which corresponds to the ratio d/p = 0.18.
In this case, extinction bands are observed for an angle
of 58° between the analyzer and the polarizer which cor-
responds to the director twisting angle @rorar = —32 °
(fig. 4, a and 5, a).
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Fig. 3. POM photos of the sample areas of nematic with boojums of m = +1 strength and the twisting angle & = 90°

(the first row), m =—1 and £ =

—75° (the second row). The photos were taken in the monochromatic light (A = 546 nm)

for the crossed linear polarizer (LP) and analyzer (LA) at the polarizer orientation LP 0° (a), for the crossed circular
polarizer (CP) and analyzer (CA) at the light incidence angle oo = 0° (b) and o = 5.33° (¢). The corresponding director
field distributions on the top substrate calculated by eq. (5) (d)

Puc. 3. POM d¢ororpadun yyactkoB o6pa3siia HemMaTHka ¢ 0y HKyMaMHy, UMEIOIIMMH CHITy m = +1 ¥ yron 3aKkpyTKu
& =90° (nepBblii psin), m =—1 u yron 3akpytku & = —75° (Bropoii psin). @ororpadun crenansl B MOHOXPOMAaTHIECKOM
cBere (A = 546 HM) B reOMETPHY CKPELICHHBIX JIMHEHHBIX noysipu3atopa (LP) u ananusaropa (LA) a1 opueHTanuu
nossipuzatopa LP 0° (a), ckpermeHHbIX IUPKYISIpHBIX nossipuszatopa (CP) u ananusaropa (CA) 1uis yriioB nageHus
ceera o= 0° (b) u a = 5,33° (¢). Paccuntanuble 110 ypaBHEHHUIO (5) COOTBETCTBYIOIINE PACTIPEACICHHUS OIS
IUPEKTOpa Ha BepxHeil momtoxke (d)
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Fig. 4. POM photos of the sample area of cholesteric with boojum of m = +1 strength and the twisting
angle on the top substrate & = —106° taken in the monochromatic light (A = 546 nm) for the crossed
at 58° angle linear polarizers at the polarizer orientation LP 0° (a), for the crossed circular polarizers
at the light incidence angle o = 0° (b) and a = 5.33° (¢). The corresponding director field distributions
on the top substrate (), at the layer center (¢) and on the bottom substrate (f) calculated by equation
(5) considering the conditions (2)

Puc. 4. POM ¢otorpadun ygactka o0pasiia XoecTepika ¢ OyIKyMOoM, HMEIOIIMHE CHITY 711 = +1 ¥ yroi
3aKpYTKU Ha BepxHeil momtoxke & = —106°, crenaHHbIe B MOHOXPOMATHIECKOM cBeTe (A = 546 HM)
B F€OMETPHH CKPEIIEHHBIX 0] YIJIOM 58° JIMHEHHBIX HOIIPU3aTOPOB TS OpUEHTAIMH noJisipu3atopa LP
0° (@), CKpeIICHHBIX IIMPKYJIIPHBIX TIOJSIPU3aTOPOB U YIJIOB masieHus ceera o = 0° (b) m o= 5,33° (¢).
PaccunTanHble 1o ypaBHEHUIO (5) ¢ y4eToM ycioBHs (2) COOTBETCTBYIOLIUE pacIpeIeIeHUs OIS
JIMPEKTOpa Ha BepxHeil noasoxkke (d), B LeHTpe c1os (e) ¥ Ha HIKHEH HouIoKKe (f)
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Fig. 5. POM photos of the sample area of cholesteric with boojum of m = —1 strength and the twisting
angle on the top substrate & = —116° taken in the monochromatic light (A = 546 nm) for the crossed
at 58° angle linear polarizers at the polarizer orientation LP 0° (@), for the crossed circular polarizers
at the light incidence angle o = 0° (b) and o = 5.33° (c). The corresponding director field distributions
on the top substrate (d), at the layer center (e) and on the bottom substrate (f) calculated by equation
(5) considering the conditions (2)

Puc. 5. POM ¢ororpadum ydactka odpasiia xoiaecTeprka ¢ OyHKyMOM, HMEIOIIMMHE CIITy 7 =—1 ¥ yron
3aKpyTKH Ha BepxHeit nomnoxke & = —116°, caenannsie B MOHOXpoMaTuieckoM cete (A = 546 HM)
B F€OMETPUM CKPELICHHBIX 0] YIJIOM 58° JTMHEHHBIX MOIAPU3aTOPOB A OpUEHTALMH Hossipu3aropa LP
0° (@), CKpeIeHHBIX IMPKYIPHBIX TOJSIPU3aTOPOB U YIJIOB majieHus ceera o = 0° (b) m a = 5,33° (¢).
Paccunrannsle 1o ypaBHEHHIO (5) ¢ y4eToM yCIoBHSA (2) COOTBETCTBYIOIINE PACIPEACICHHS OIS
JIUPEKTOpa Ha BepXHEH MouIoxkKe (d), B IEHTpe CIIos (e) ¥ HIDKHEH HOoUIoKKe (f)
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Fig. 4 shows a boojum with m = +1, for which the ex-
tinction bands form a straight cross rotated at an angle
of —16° with respect to the direction of the polarizer.
Observations with oblique incidence of light on the cell
(fig. 4, ¢) show that o, and, consequently, the value
¢o(x, ¥) = 0, is observed at an angle { = 90°. In this case,
in the approximation of the linear dependence of the azi-
muthal angle of the director on the coordinate z (equation
(2)), the twisting angle of the boojum on the upper
substrate can be found from the relation (+1-:90° + & =
= @rorar/2), whence &, = —106° (fig. 4, d), while on the
lower substrate & ,, = —74° (fig. 4, f). The orientation
of the four extinction lines corresponds to the condition
when ¢_g;, equals 0°, £ 90° and —180°, which corresponds
to angles 74°, 164°, —16°, —106° and is consistent with the
orientation of extinction bands observed in the geometry
of crossed polarizers (fig. 4, a).

The twisting angle of boojums with m =—1 (fig. 5) can
be determined in a similar manner. The cross that forms
the extinction bands is oriented at an angle of approxi-
mately 5° to the polarizer (fig. 5, a), while 6, is reached
at an angle of { = —100° (fig. 5, ¢). This corresponds to the
twisting angle of the boojum on the upper substrate which
is found from the relation (—1:(=100°) + & = @rorar/2),
whence &4, =-116° (fig. 5, d). On the lower substrate, it
corresponds to a boojum with & 4, = —84° (fig. 5, f).

Conclusion. In this work we propose a method of
oblique incidence of light on an LC cell which makes it
possible to determine the polar and azimuthal angles of
the director orientation in the case of conical boundary
conditions. The capabilities of this method were demon-
strated by the example of point topological defects-
boojums that form in nematic with a director tilt angle at
the boundary 6,, = 40°, for which the defect strength m
and twisting angles & were first determined. It is shown
that in the used nematic liquid crystal LN-396, there
is a tendency for the formation of boojums with m = +1,
having a twisting angle & = + 90°. This method is also
applicable for a twisted cholesteric structure. In this case,
if the Mauguin regime is fulfilled, the maximum phase
difference 6,,,x between the ordinary and extraordinary
beams is achieved at the azimuthal orientation of the di-
rector at the center of the layer ¢, (x, y) = 0, regardless
of the total angle of rotation of the director @rorar. Using
the proposed method, we determined the orientational
structure of boojums, formed on the upper and lower sub-
strates specifying conical anchoring for the liquid crystal.
The results obtained are of interest for studies of struc-
tured materials, analysis of defect structure by optical
methods, and the developed method of oblique incidence
of light can potentially be used to analyze a wide class of
optically anisotropic and chiral media, such as smectics,
nematics and cholesterics with tilted or hybrid boundary
conditions.

It is necessary to note the applied significance of the
research results, since liquid crystal media today remain
the most competitive functional materials for use in opto-
electronic devices requiring low weight and dimensions,
low-voltage control and low power consumption which,
for example, is very important for use in space technolo-
gies.
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ELECTRONIC STRUCTURE CHANGE AT CATIONIC SUBSTITUTION OF MANGANESE SULFIDE
BY ELEMENTS WITH VARIABLE VALENCE
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Cation-substituted solid solutions YbxMn; xS were prepared by the melt method from polycrystalline sulfide pow-
ders. The synthesized samples are antiferromagnetic semiconductors and, according to the results of X-ray structural
analysis, have an FCC structure of the NaCl type. Structural, electrical, optical, and acoustic properties of the chalco-
genide system YbyMn, xS were studied in the temperature range 80-500 K. The effect of variable valence elements on
the electronic structure of cationic substitution of manganese sulfide has been studied. The change in the electronic
structure in the YbxMn, xS system occurs due to the electron-phonon interaction. Samples with variable valence have
anomalous compressibility, which is confirmed by the data on the thermal expansion coefficient and the change in the
attenuation coefficient. As a result of inelastic interaction with d- electrons, the density of states at the Fermi level
changes, this is reflected in the temperature dependence of the conductivity. The positions of the f-level and two elec-
tronic transitions were determined from the IR spectra. A zone of temperatures and concentrations was found, where
a correlation of structural, electrical, optical and acoustic properties is observed. To explain the experimental results,
the electronic structure of the semiconductor is considered and a model is proposed that qualitatively describes
the experiment.

Keywords: elements with variable valence, structure, IR spectroscopy, attenuation coefficient, conductivity, elec-
tronic structure.

W3MEHEHHUE 3JIEKTPOHHOM CTPYKTYPBI ITPU KATAOHHOM 3AMEINEHUH
CYJIb®UJA MAPT'AHIA 3JIEMEHTAMHU C HEPEMEHHOMU BAJIEHTHOCTBIO

O.b. POMaHOBa]*, C. C. Awecunn'%, Vion'? JI. B.

" Mincruryt dusukn umenn JI. B. Kupenckoro CHOHPCKOro oT/aeseH s Poccriickoii akaeMii HayK —
obocobnennoe moapaszaenenne GUILL KHIT CO PAH
Poccutickas @enepamus, 660036, r. KpacHosipck, AkageMropoiok, 50, ctp. 38
*Cubnpckuit rOCYAapCTBEHHBI YHUBEPCUTET HAYKU U TEXHOJIOTUH UMEHM akaneMuka M. @. PelerHeBa
Poccwuiickas @enepauns, 660037, r. KpacHosipck, mpocrt. uM. ra3. «KpacHosipckuii padounii», 31
*E-mail: rob@iph.krasn.ru

Memodom pacniasa u3 NOIUKPUCMALTUYECKUX NOPOULKOE CYAbPUOOE NPUSOMOBTIEHbl KAMUOH 3aMeWjeHHble meep-
ovle pacmeopwi YbyMn, xS. Cunmesuposannvie obpasyvl SAGIAIOMCA AHMUPDEPPOMASHUMHLIMU NOIYNPOBOOHUKAMU
U CO2NACHO pe3yrbmamam penmeeHocmpykmyproeo ananuza umerom I'LIK cmpyxmypy muna NaCl. [Ipogedenst uccne-
008aHUsL CPYKIMYPHBIX, JeKMPULeCKUX, ONMUYECKUX U AKYCINUYECKUX CBOUCME XANbKO2eHUOHOU cucmembl YbxMn; xS
6 unmepsane memnepamyp 80-500 K. Hccrnedosano enusiHue HA 91eKMPOHHYIO CIPYKMYPY d1eMeHMO08 NepemMeHHOuU
BAEHMHOCMU NPU KAMUOHHOM 3amewjeru cyrogpuoa mapeanya. V3meHeHue 371eKMPOHHOU CMPYKMYpbl 6 cucmeme
YbxMn,; xS npoucxooum za cuem snexmpon-ghononno2o ezaumooeticmsus. Oopasyvl ¢ NepPemeHHoOl 8aNeHMHOCTbIO
001a0aom AHOMAILHOU CHCUMAECMOCIBIO, YMO NOOMEEPHCOAemcst OAHHBIMU KOdDuyLenma menio8o2o pacuiupenus
U uzMeHeHuem Kodgpuyuenma samyxanus. B pezyiomame neynpy2o2o 63aumMoO0eticmsus ¢ d-aneKxmpoHam MeHsiemcsi
NIOMHOCMb COCMOSHULL Ha yposHe Depmu, Ymo ompadcaemcs Ha MeMnepamypHoU 3a6UCUMOCIU NPOBOOUMOCIU.
U3 UK cnexmpog onpedenenvi noaodcenus f-ypoeHs u 06a 21eKkmponnblx nepexooa. Obuapydicena obracms memnepa-
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myp u KoHyeHmpayuil, 20e Habaooaemcs KOppeisiyus CMpyKmMypHbIX, dAeKMPUYEcKUx, ONMUYeckux i aKycmuieckux
ceouicms. [[na 00vACHeHUs. IKCREPUMEHMANbHBIX PE3YIbMAMO8 PACCMOMPEHA dNIEKMPOHHAS CMPYKMYPd NOAYAPOBOO-
HUKA U NPeOloAHCeHA MOOeb, KAYeCTN8EeHHO ONUCHIBAIOUAS IKCEPUMEHTN.

Kniouegvie cnosa: snemenmol ¢ nepemennoll earenmuocmolo, cmpykmypa, HK-cnekmpockonus, koaghguyuenm

3amyxanus, npoeodwwocmb, JNEKMPOHRHAA CmMpYyKmypa.

Introduction. Recently, active research has been car-
ried out in the field of spin electronics or spintronics,
which is one of the priority areas of modern electronics
[1-3]. In spintronics, not only the charge degree of free-
dom of the electron, but also the spin is used to convert an
electrical signal, which makes it possible to create funda-
mentally new spintronic devices based on materials with
a magnetoresistive effect. These substances include the
cation-anionic semiconductors which we investigate,
and which are synthesized on the basis of manganese
chalcogenides and they demonstrate phase transitions,
and a number of effects associated with changes in the
electronic structure under the influence of external factors
[4-10]. A similar correlation of changes in the electronic
and crystal structures was observed in bismuth py-
rovskites [11-13]. The study of these phenomena in man-
ganese chalcogenides seems to be relevant, both from the
point of view of technical applications and from the point
of view of fundamental physics.

Manganese monosulfide, on the basis of which the
studied compound YbyMn, xS was synthesized, is an an-
tiferomagnetic (7y = 150 K) p-type semiconductor
[14; 15]. It has an fcc structure of the NaCl type with the
unit cell parameter ¢ = 5.22 nm and undergoes a number
of structural distortions at temperatures below the Néel
temperature [16]. It reveals the anisotropy of the electrical
resistance, which in the (111) plane is two orders of mag-
nitude greater than in the (100) plane and depends on the
applied magnetic field. The negative magnetoresistance
found in the (111) plane for MnS was — 12 % in a mag-
netic field of 10 kOe at 7=230 K [17].

When manganese cations are replaced by ytterbium
ions, the pressure exerted by the nearest environment will
lead to a change in the valence of ytterbium ions and to
the formation of a metal bond. This was observed in YbS
compounds under pressure [18]. Substitution of ytterbium
for manganese will cause an f-level shift. Several options
are possible here, the f-level falls into the conduction
band, and the electron passes from the f-to the d-level of
the rare-earth ion, or remains below the bottom of the
conduction band, and bound to the donor. The transition
of an electron from the f-level to the t,, state will lead to
electronic degeneracy, which can be lifted due to the spin-
orbit or Jahn—Teller interaction. In the work [19], the ef-
fect of a magnetic field on the electrical and magnetic
properties in YbyMn;_,S (0.05 < X < 0.2) was studied.
A change in the type of conductivity from the Poole—
Frenkel law to the Mott law was found from the current-
voltage characteristics and a change in the sign of the
current carriers, both in temperature and in concentration.
The effect of prehistory under the action of a magnetic
field on the conductivity, impedance, and magnetic
susceptibility was found in a wide temperature range.
The trivalent state of ytterbium ions from EPR was found.
The experimental data are satisfactorily explained by the
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condensation of lattice polarons with the formation of
orbital glass with successive freezing of interstitial orbital
angular momentum and with orbital angular momentum
at the site.

In solid solutions with a disordered arrangement of yt-
terbium ions, a situation is possible when ions of different
valences occupy crystallographically equivalent positions,
but the exchange of electrons between them turns out to
be relatively slow and is associated with thermally acti-
vated hopping with emission and absorption of phonons.
At high temperatures, the exchange between ions of dif-
ferent valence occurs rather quickly, which causes an in-
crease in conductivity, and with decreasing temperature,
the characteristic times increase sharply and the situation
becomes close to static. This will manifest itself in the
study of acoustic properties, in softening and splitting of
sound vibration modes, in particular, in damping of
acoustic phonons, which is sensitive to valence fluctua-
tions and to local deformations accompanying them.
Acoustic properties which main parameters are elastic
moduli and ultrasound damping are very sensitive to the
defect structure of the crystal [20]. In studies of high-
temperature superconductors [21-23], it was found that
the structure (grain size, presence of pores, etc.), as well
as defects of the grain itself, can largely determine the
acoustic characteristics of ceramics. The experience with
ceramic compounds has shown that acoustic measure-
ments make it possible to effectively control the quality of
synthesized samples. In the work [24], a new method was
proposed for studying the metal-insulator transition using
acoustic effects. They were measured by successive irra-
diation of the sample in the absence of a magnetic field
and in a magnetic field of 6 T at 4.2 K. By successive
irradiation of the n-GaAs/AlGaAs heterostructure, the
conductivity can be increased fivefold. The absorption of
ultrasound in metals has been studied for a long time [25].
This phenomenon is closely related to electron-phonon
heat exchange [26], which determines the possible scale
of violation of thermodynamic equilibrium of the electron
gas and phonons and the lattice.

Thus, the aim of this work is to establish possible
phase transitions and changes in the electronic structure
caused by the substitution of manganese by ytterbium
ions as a result of a comprehensive study of optical, elec-
trical, structural and acoustic properties. It should
be noted that optical and acoustic studies are sensitive
to local distortions of the structure; therefore, the selected
methods will allow obtaining detailed information on
phase transitions in YbyMn;_,S systems.

Experimental results and discussion. Synthesis and
experimental technique. Cation-substituted solid solutions
of the YbyMn; xS system with a substitution concentra-
tion (0 < X < 0.2) were grown in a quartz reactor from
a melt of polycrystalline sulfide powders. A reactor with
a charge in glassy carbon crucibles was pulled through



Texnonozuueckue npoyeccost u mamepuaiiol

a single-turn inductor of the HF unit. High-purity argon
was used as an inert medium [7]. Determination of the
phase composition and crystal structure of the synthesized
samples was carried out at 300 K on a DRON-3 X-ray
facility using CuK,, radiation after their preparation and
measurements of their acoustic and optical properties. The
electrical resistance measurements were carried out by a
four-probe direct current compensation method in the
temperature range of 77+1000 K. IR spectroscopy studies
of YbyMn, xS samples by IR spectroscopy were per-
formed on an 2202 IR Fourier spectrometer (FSM) with
a spectral resolution of 1 cm™ in a temperature range
of 80-500 K and frequencies of 400~7000 cm ' on a poly-
crystalline sample in the form of tablets with a diameter
of 13 mm in a KBr matrix. Acoustic properties were
measured directly on the tablets with two piezoelectric
sensors glued with silver paste to the tablet planes, one of
which was a generator, the other was a receiver of ultra-
sonic waves. The sound propagation time was t = 10(—6)
seconds at a frequency of 5 MHz, the sample thickness
was 0.4 cm. The sound wave attenuation coefficient was
calculated by the formula: o = In(UyU)/d, where U
and U, are the voltage amplitudes recorded by the genera-
tor and the receiver of vibrations, d is the thickness
of the tablet.

X-ray structural analysis. According to the results of
X-ray structural analysis, the synthesized YbyMn; xS
samples with a low substitution concentration X < 0.05
have a cubic lattice of the NaCl type, characteristic of
o-MnS (fig. 1, a). With an increase in concentration
to X = 0.2, along with diffraction reflections of the cubic
structure, very weak reflections of the impurity Yb,S;
phase with a cubic structure (space group la3) are
observed, which do not disappear upon heat treatment
(fig. 1, b). The result of exposure to temperature is redis-
tribution of the intensity of diffraction reflections on
X-ray diffraction patterns. The main peak [200] in the
X-ray diffraction pattern for the YbyMn, xS solid solution
splits into two with increasing X, which is possibly asso-
ciated with the cooperative Jahn — Teller effect and a de-
crease in cubic symmetry. Cationic substitution with yt-
terbium leads to a linear increase in the unit cell parame-
ter in accordance with an increase in the radius of the sub-
stituting element (# = 0.91 nm for Mn and » = 0.101 nm
for Yb). The concentration dependence of the lattice pa-
rameter for the ytterbium-substituted system is shown in
the inset to fig. 1, a.

Investigation of samples by IR spectroscopy and
acoustic method. The substitution of ytterbium for man-
ganese in the YbyMn, xS system leads to structural distor-
tions accompanied by a change in the electronic spectrum,
which can be established using IR spectroscopy. Distor-
tion of octahedra, due to the Jahn-Teller effect, was
observed in the IR spectra in the form of splitting of the
intensity lines shown in fig. 2. In the frequency range of
900—1100 cm ! in YbgsMnggsS, a splitting of the absorp-
tion peak into two maxima at frequencies m; = 953 cm '
and ©, = 994 cm ' was found. When heated to 7> 200 K,
the first maximum detected at the frequency ®; disap-
pears, and the intensity of the second one decreases
several times and disappears at 400 K. With increasing
temperature, ®, and ®, shift by 3 cm and 12 cm, respec-
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tively. Substitution of manganese by ytterbium ions leads
to the formation of electrons in the #, subsystem and to
the degeneracy of electronic states, which are removed
due to the Jahn-Teller effect. Two electronic transitions
were found from the IR spectra for X = 0.15, one disap-
pears at 200 K and the other at 400 K, which are caused
by the successive growth of the octahedral symmetry
and the splitting of the #,, states of the ions in the zone
with electronic phase separation.

Studies of the magnetic properties of the YbyMn;_xS
system presented in [19] showed that the synthesized
compounds are antiferromagnets with 7y decreasing
with increasing concentration from 150 K for X = 0.05
to 102 K for X = 0.2. In the paramagnetic region, two fea-
tures were observed in the temperature behavior of the
magnetization measured in the magnetic field of 8.6 kOe,
associated with the local minimum do/dT at T, and T,,
the values of which are in the ranges 224 K < T'< 234 K
and at 336 K < T < 386 K. Above T, the temperature
dependence of the magnetic susceptibility is described
by the Curie-Weiss law with a negative paramagnetic
Curie temperature 0, which sharply decreases when
manganese is replaced by ytterbium ions. This can be
explained by the formation of superparamagnetic clusters
with a strong ferromagnetic interaction between manga-
nese ions, which are the nearest neighbors of the ytter-
bium ion.

The anomalous behavior of the attenuation coefficient
(a) shown in fig. 3 for the sample YbgosMngosS is ob-
served in two temperature regions (in the magnetic order-
ing region and paramagnetic one). The first temperature
region correlates with the temperatures of structural dis-
tortions (100, 120, 150 K) observed in the initial matrix
of manganese monosulfide [27] and with the data of the
temperature dependence of the thermal expansion coeffi-
cient measured for samples of the YbyMn; xS system
[19]. According to which anomalies in the temperature
range of the magnetic phase transition 110K <7< 140 K
are established on the temperature dependence of the co-
efficient of thermal expansion. This is due to the fact that
when moving to a magnetically ordered region, the lattice
begins to contract anomaly, as a result of magnetoelastic
interaction.

Above 150 K, the a (7) curve reaches a plateau.
An exponential decrease in the value of the attenuation
coefficient is observed at 7= 220 K; at this temperature,
the first local minimum of magnetization was detected.
The anomalous behavior of the attenuation coefficient in
the high temperature range above 400K correlates with
the temperatures detected in the IR spectra and is most
likely connected with the rearrangement of the electronic
spectrum due to the Jahn—Teller effect.

Fig. 4, a, b illustrates the behavior of the frequency
dependence of the sound attenuation coefficient in sam-
ples YbgsMngosS and Ybg,MngygS measured at a pulse
sequence t = 50 sec in the temperature range 300450 K.
At temperatures of 300 and 320 K for concentrations 0.05
and 0.2, respectively, the o () curves are almost linear.
With increasing temperatures, maxima were found on the
frequency dependences of the attenuation coefficient. For
both the Yby¢sMngesS and Ybg,MnggS samples, the fre-
quency range 5-5.5 MHz for which anomalies are ob-
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served at 7 = 350 and 400 K coincides (fig. 4, a, b).
A further increase in temperature to 450K results in a step
on the a (o) curve in the low-frequency region at 3 MHz
for YbgosMngosS and 2.5 MHz for Yby,MngsS. It is as-
sumed that energy absorption in the room temperature
region is caused by internal friction, and the approach to
400 K is due to scattering on crystallographic domains.

When acoustic waves propagate in polycrystalline
solid media, reflection, refraction, and transformation
occur at grain boundaries, domain boundaries, and struc-
ture inhomogeneities. Thus, attenuation is due to both
absorption and dissipation of energy. In solids, absorption
can be caused by: internal friction (in this case, the sound
attenuation coefficient o is proportional to the frequency
®); thermal conductivity (o is proportional to ©”); elastic
effects (o is proportional to ®).

Electrical property. The rearrangement of the elec-
tronic structure at the Mn-Yb interface as a result of low-
ering the local crystal structure and splitting the #,, levels
will manifest itself as a result of the study of electrical

properties, namely, conductivity. The temperature de-
pendence of the conductivity for solid solutions of
Yby.1sMnggsS is shown in fig. 5. It has a typical semicon-
ductor type and does not differ qualitatively from the
temperature dependence o(7) for the initial manganese
monosulfide. A correlation is found between the tempera-
tures at which anomalies are detected in the IR spectra,
the attenuation coefficient, and the temperature depend-
ence of the conductivity (o). The first jump in the curve
o(T) is observed in the room temperature region. Further
along the temperature, a slight increase in conductivity is
observed, which turns into a sharp increase in the region
of 400 K. This behavior of ¢ correlates with anomalies
detected in the frequency and temperature dependences of
the attenuation coefficient and IR spectroscopy data,
which confirms the assumptions made above about
changes in the electronic structure during cationic substi-
tution of manganese with ytterbium. In the high tempera-
ture range of 880 < 7' < 1020 K, a small maximum in
electrical resistance is detected (inset in fig. 3).
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Fig. 1. X-ray diffraction patterns of Yb,osMng 9sS (a) and Yby,Mny ¢S (b)
samples. The inset shows the concentration dependence of the lattice
parameter of the system YbyMn;_,S

Puc. 1. PentrenorpamMmel 06pasioB Ybg osMngosS (@) 1 Yby,MngsS ().
Ha BcTaBke KOHIICHTPAIMOHHAS 3aBHCHMOCTD [IAPAMETPa PEIICTKH
cucteMbl YbyMn;_yS
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Fig. 2. Temperature dependences of the intensity of the IR spectra
of the sample Yby ;sMng gsS

Puc. 2. TemneparypHble 3aBUCHMOCTH HHTeHCHUBHOCTU MK
CHEeKTpoB oOpa3zmna YbysMnggsS
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Fig. 3. Temperature dependence of the attenuation coefficient
for the sample Ybg osMng osS

Puc. 3. TemneparypHas 3aBUCHMOCTb KO3 (HLIUCHTA 3aTyXaHHs
JUIsL 06pa3ua Yb0,05Mn0,95S

445



Cubupckuil scypHan nayku u mexvoaoeui. Tom 21, Ne 3

20

1561

o, cm

104

10

o, MHz

b

Fig. 4. Frequency dependence of the sound attenuation coefficient for
Ybg9sMng 95S (@) measured at 7= 300 K (7); 350 K (2); 400 K (3); 450 K (4)
and for Yb,,Mng S (b) at T=320 K (1); 360 K (2); 400 K (3); 440 K (4)

Puc. 4. YacroTHast 3aBUCHMOCTB KO3 PHUIIMEHTA 3aTyXaHUs 3ByKa
st Ybg osMny ¢sS (@), m3mepennoro npu 7= 300 K (7); 350 K (2); 400 K (3); 450 K (4)
u 1t Yby,MnggS (b) mpu 7= 320 K (1); 360 K (2); 400 K (3); 440 K (4)

This maximum is due to the coincidence of the 4f-
level with the chemical potential when it is shifted from
the bottom of the conduction band to the middle of the
band gap.At low temperatures, the 4f-level is filled and
located below the chemical potential, and at high tem-
peratures, electrons are scattered at the f — centers as a
result of df-exchange, which leads to a maximum in resis-
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tance. It should be noted that with an increase in the con-
centration to X = 0.2, a jump in the electrical resistance
is observed at 7= 700 K and the reason for this is the
electron-phonon interaction, which induces splitting
of the 4f subband. Another reason is the presence of yt-
terbium ions of different sizes (+2 and +3) with different
(up to 10—15 %) ion radii. The electron-lattice interaction
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consists of the interaction of electrons with a homogenous
strain and with phonons at a given strain.

To explain the experimental results obtained for solid
solutions of YbyMn,_xS, we consider the electronic struc-
ture shown in fig. 6. In the band gap below the bottom
of the conduction band is the donor level corresponding

to 4f ytterbium electrons. The electron concentration at
the 4f-level is equal to the concentration of ytterbium
ions. In the temperature range 390440 K, condensation
of local octahedral modes is possible, i. e., sulfur ions
shift from octahedral positions in the direction of manga-
nese at the Mn-Yb boundary.
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Fig. 5. Temperature dependence of conductivity for the Ybg ;sMng gsS
sample. Inset: temperature dependence of electrical resistivity
for the same concentration

Puc. 5. TemnepaTypHast 3aBHCUMOCTbB IIPOBOAMMOCTH JUIsl 0Opasia
Yby,1sMng gsS. Ha BcraBke: TemneparypHas 3aBUCMMOCTb YJIEIbHOIO
3JIEKTPOCOMPOTUBIIECHHUS [UIS 3TOH K€ KOHLEHTPalUuH

E A x<0.1 E pAX>0.1
rr a r<r" b
[ ™ - [
~ ~
) ) T ) ) T’
.-""’..-""HEF -:::————EF
C o~ S 55
Er p# Er
Eg' ES
g(E) g(E)

Fig. 6. Temperature dependence of the 4f-level energy E; and Fermi
energy Er. T — temperature at which the activation energy increases,
taken from the data on electrical resistance

Puc. 6. TemneparypHast 3aBUCHMO!

cTb dHepruu 4f-yposus E¢

i v
u sHepruu @epmu Eg. T — Temneparypa, Ipu KOTOPOU SHEPTUs.
aKTHBAIINH yBEIUIUBACTCS, B3ATa U3 JAHHBIX
110 3JIEKTPOCONPOTUBICHUIO
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The bending mode of the octahedron is likely to lead
to splitting of the #,, states of electrons and to a shift in
the conduction band, as well as a decrease in the energy
interval between the f-level and the bottom of the conduc-
tion band. There is a shift of the f-level relative to the
bottom of the conduction band, which leads to a rear-
rangement of the electronic structure. At high tempera-
tures, the Fermi energy and the 4f-level intersect at high
temperatures for all concentrations.

Conclusion. Cation-substituted solid solutions of
YbyMn;_,S (0 < X <0.2) were synthesized, which mainly
have a face-centered cubic lattice of the NaCl type
according to the results of x-ray diffraction analysis.
An increase in the substitution concentration X = (.2 leads
to splitting of the main peak on the x-ray image, which
is associated with the cooperative Jahn—Teller effect and a
decrease in cubic symmetry. Structural changes and rear-
rangements of the electronic spectrum were confirmed by
IR spectroscopy. Two electron transitions were detected
from the IR spectra, one of which disappears at 200 K and
the other at 400 K. These transitions are caused by a se-
quential increase in the symmetry of the octahedron and
with the splitting of the #,, states of the ions. A structural
transition for X = 0.05 is detected in the magnetically or-
dered phase, which is accompanied by compression of the
crystal lattice and minima on the temperature dependence
of the attenuation coefficient. A temperature range is
found in which the correlation of structural, magnetic,
electrical, optical, and acoustic properties is observed.
Comparison of acoustic parameters with the behavior of
the temperature dependence of the thermal expansion
coefficient of the sample, IR spectroscopy, x-ray diffrac-
tion data, and conductivity in the paramagnetic region
allows us to assume that the detected anomalies indicate
the existence of both structural phase transitions and
changes in the electronic structure in the sample. The
change in the electronic structure as a result of substitu-
tion of manganese with elements of variable valence is
caused by a shift in the bottom of the conduction band
with an increase in temperature as a result of electron-
phonon interaction
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INFLUENCE OF THE MAGNETIC FIELD ON TRANSPORT PROPERTIES
OF HOLMIUM - MANGANESE SULFIDE

M. N. Sitnikov', A. M. Kharkov'", S. S. Aplesnin', O. B. Romanova®

'Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
*Kirensky Institute of Physics, Federal Research Center KSC Siberian Branch Russian Academy of Sciences
660036, Krasnoyarsk, Akademgorodok 50, bld. 38
*E-mail: khark.anton@mail.ru

Holmium-manganese sulfide with giant magnetoresistance refers to new magnetic sulfide compounds of holmium
and manganese that have the effect of giant magnetoresistance (i. e., with special magnetoelectric properties), which
can be used as components of sensor technology, magnetic memory, and spintronics. The technology of manufacturing
polycrystals HoyMn, xS grown by crystallization from the melt of the obtained powdered sulfides with a purity not lower
than 99,9 %, in glass-carbon crucibles and a quartz reactor in an argon atmosphere is presented. According to the re-
sults of x-ray diffraction analysis, HoxMn;.xS holmium-manganese sulfides have a HCC structure of the NaCl type.
As the degree of cationic substitution increases, the unit cell parameter increases linearly with the concentration. No
concomitant impurity phases are detected in the synthesized samples. To determine the state of the spin glass, magnetic
moment measurements are conducted at several frequencies w = 1 kHz, 10 kHz and 100 kHz. The dependence of mag-
netic characteristics on the frequency of measurements is found. The damping of the magnetic moment and its increase
with a decrease in temperature is reviled, which is connected with the formation of metastable States. Measurements of
electrical resistance without a field and in a magnetic field are conducted. Anomalies in the temperature dependence of
the conductivity are found. A change in the magnetoresistance sign is detected with the increase of temperature below
and above room temperature.

Keywords: solid solutions, resistance, magnetic permeability, the effect of giant magnetoresistance.

BJUSHUE MATHUTHOTI'O 110JIsI HA TPAHCIIOPTHBIE CBOMCTBA
TOJIbMHUIN-MAPIAHIIEBOI'O CYJIb®UJIA

M. H. CI/ITHI/IKOBI, A. M. XapbKOBl*, C.C. Al‘IJIeCHI/IHl, 0. B. Pomanoga’

'Cubupckuii rocy1apCcTBEHHbIH YHHBEPCHTET HAYKH U TeXHOJIOrHil nMern M. @. Peuretnena
Poccwuiickas @enepauns, 660037, r. KpacHosipck, mpocrt. M. ra3. «KpacHosipckuii padounii», 31
2I/IHCTHTyT ¢uzukn um. JI. B. Kupenckoro Cubupckoro otaenerns Poccuiickol akageMu HayK —
obocobnennoe monpasznenenue GULL KHI[ CO PAH
Poccuiickas ®enepanus, 660036, r. KpacHosipck, Akagemroponok, 50, ctp. 38
*E-mail: khark.anton@mail.ru

Tonbmuti-mapeanyesuvlii cyiouo ¢ cueanmckum MAasHUmMoCONPOMUBIEHUEM OMHOCUMCS K HOBbIM MASHUMHbIM
CYNbOUOHBIM COCOUHEHUSM 20IbMUSL U MAP2aHyd, 06IA0arwumM 3PHeKmom 2UeaHmcKo20 MAHUMOCONRPOMUBIEHUS,
mo ecmb ¢ 0COOLIMU MASHUMOILEKMPUYECKUMU CEOUCMBAMU, KOMOPble MO2Ym Oblmb UCHOIb306AHbL 68 KAYeCmee
COCMABNAIOWUX KOMNOHEHM CEHCOPHOU MEeXHUKU, MASHUMHOU namsamu 0 cnunmponuku. Ilpusedena mexnonozus
uzeomosnenuss noaukpucmainose HoyMn; xS, evipaujennvix kpucmaiiuzayuei u3 pacniaéa noay4eHHbIX NOPOUIKOBbIX
cynbpuoos uucmomoti ve nudxce 99,9 % 6 cmexnoyenepoOHbix mueiax u Keapyesom peakmope 8 ammocepe apeoua.
Coenacho pesynbmamam peHmeeHOCmMpPYKMYypPHO20 AHAIU3A, 20 bMuti-mapeanyesvle cyib@uovt HoxMn; xS umerom I'IIK
cmpyxmypy muna NaCl. C ygeruuenuem cmenenu KamuoHHO20 3aMeWeHUst Rapamemp d1eMeHmapHOU S4elKu TUHEHO
yeenuuugaemcsi ¢ konyenmpayueti. Conymcmeayowux npumecHvlx (paz 8 CUHMeE3UPOBAHHBIX 00PA3YAX He OOHAPYICEHO.
Jns ycmanognenus cocmosiHus CHUHOB020 CMEKId NPOGEOCHbl USMEPEHUSI MACHUMHOZ0 MOMEHMA HA HEeCKOIbKUX
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yacmomax w = 1, 10 u 100 kHz. Obuapysicena 3a8ucumocmes MAZHUMHBIX XAPAKMEPUCIUK OM YACHOMbL USMEPEHUIL.
Hailoeno samyxanue mMacHummnozo MOMEHMA U €20 y8eiudeHue ¢ NOHUICEHUEeM MEeMNepamypbl, Ymo Cesa3bl6aemcs
¢ obpasosanuem memacmaduIbHblx cocmosnuil. [Iposedenvl usmepenus INeKmpoconpomusienus 6e3 nous u 6 Mae-
Humuom none. Hatidenvi anomanuu 6 memnepamypHoill 3asucumocmu npogooumocmu. O6Hapysicena cmena 3HaKa
MASHUMOCONPOMUBTIEHUSL C POCHIOM MEMNEPAMYPbl HUICE U GbIULE KOMHAMHOU MeMNepamypbl.

Kniouegvie cnosa: meepovie pacmeopwl, 21eKMpOoCOnPOMUGieHUe, MACHUMHASL NPOHUYAEMOCHb, I Gexm cucanm-

CKO2O MA2HUMOCONpoOmue6ieHUsl.

Introduction. The microelectronics element base,
functioning on the basis of the magneto resistive effect
[1], can operate under extreme conditions. Materials with
the effect of giant magnetoresistance (GMR) can be used
as components of sensor technology [2], magnetic mem-
ory [3] and are able to change their electrical resistance
in several times under external magnetic field application
[4-7].

Summing up, it is possible to say that all currently
known GMR substances are complex (oxide) phases
based on manganese oxides, the ferromagnetism of ions
of which is responsible for the GMR effect emerging [8].
Oxide compounds of manganese type Lal-xAxMnO3
(A = Ca, Sr, Ba, etc.) and methods for their preparation
[8; 9] are known. The maximum amplitude of this effect
is observed in the immediate vicinity of the transition to
the ferromagnetic state, at high values of the Curie tem-
perature TC ~ 250400 K and opens up broad prospects
of their technological application.

The drawback of these substances is the high sensitiv-
ity of lanthanum manganite to concentration of a divalent
impurity, a high melting point 7 ~ 1800-1900 °C, the cost
of their constituent elements and realization of the GMR
effect in a narrow temperature interval near the magnetic
transition temperature. NaCl-type fcc lattice.

The vanadium chromium disulfidle - copper
CuVXCr1-XS2 is also known (thombohedral structure,
space group R3m), which belongs to the class of mixed
electron-ion semiconductors and is an antiferromagnetic
with critical temperatures of superionic (7su = 670 K)
and magnetic (Ty ~ 40 K) transitions [10]. The effect
of negative magnetoresistance in this compound is observed
at 77 K in a magnetic field of 10 kOe and is — 40 %. This
effect is observed only in polycrystalline samples but not
in single-crystal samples with a copper deficiency.

The drawback of disulfides CuVXCrl-XS2 is not a
simple layered structure, the complexity of the crystal
growth technology because of the high mobility of copper
ions and low temperatures at which negative magnetore-
sistance arises. NaCl-type fcc lattice

In the initial manganese monosulfide a-MnS (an anti-
ferromagnetic with NaCl-type fcc lattice), anisotropy of
the electrical resistivity for two crystallographic directions
[111] and [100] in the temperature range of 77-300 K
[11-13] was found. A negative magnetoresistance
was also found, the value of which in a field of 10 kOe
is —12 % and most clearly showed in the (111) plane [14].
With an increase of the magnetic field, the magnitude of
the magnetoresistance does not change, but the minimum
shifts to the low temperature range.

The main drawbacks of manganese monosulfide are
the small magnitude of the magneto resistive effect, the
energy consumption of the synthesis technology, and the

low operating temperatures of magneto resistive elements
on the basis on such materials.

The technically closest to the claimed invention is fer-
romanganese sulfide FeXMnl-XS [15-17], containing
components in the following ratio, atom%: Fe 12.5-20;
Mn 30-37.5 and S-50 and having a simple cubic structure
such as NaCl. With an increase in the degree of cationic
substitution (X) in the FeXMn1-XS system, a semicon-
ductor — semimetal transition with Xc = 0.4 and an in-
crease in magnetization are observed, with the Néel
temperature increasing from 150 K for X = 0 and
to 210 K for X = 0.2. Ferromanganese sulfide has GMR
in the temperature range of 50 K — 250 K with the maxi-
mum development of the HMS effect (65 = —83 %)
at 160 K in the magnetic field H# = 10 kOe and &, =450 %
at 50 K in the field H = 30 kOe.

The drawback of the known ferromanganese sulfides
FeXMn1-XS is the poor repeatability of the compounds
obtained, the complexity and duration of the synthesis.

The aim of this work is to obtain magnetic compounds
of holmium — manganese sulfides with a cubic NaCl lat-
tice type, which have a stable and repeating effect of giant
magnetoresistance in a wide temperature range.

Experimental results and their discussion. Obtain-
ing method and radiograph. Three compositions
of HoXMn1-XS were prepared; they are shown in tab. 1
in atomic%.

HoXMnl1-XS crystals were grown by crystallization
from a melt of the obtained powder sulfides with a purity
of at least 99.9 %, in glassy carbon crucibles and a quartz
reactor in an argon atmosphere; NH4CNS was used as
sulfiding reagents. The calculated mixture of oxides in a
glassy carbon boat was placed in a quartz tube. After the
air was displaced by argon and the decomposition prod-
ucts of ammonium thiocyanate, the furnace was turned on
from a separate reactor. The synthesis was carried out in
two stages: heating the mixture to 500 °C with keeping at
this temperature for 1 hour; after grinding — repeated sul-
fiding for 3 hours at 7500-8000 °C. For completeness of
sulfiding and homogenization of the resulting powder
sulfide, annealing was carried out for 30 hours in a sulfid-
ing atmosphere at 800 °C with repeated grinding of sul-
fides. The completeness of sulfidation was controlled by
X-ray phase analysis and weight control.

For crystallization from sulphide melt, high-frequency
heating of a graphite crucible 10 mm in diameter filled
with 67 g of sulphide powder was used. A quartz reactor
with a crucible was pulled at a speed of 0.5to 1 cm / h
through a single-turn inductor. The inert atmosphere in
the reactor was maintained with argon. To obtain a sul-
phide melt, the necessary parameters of the power sup-
plied to the inductor were determined experimentally. As
a result of the synthesis, substances were obtained in the
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form of dense ingots. The obtained samples were homo-
geneous in composition and were used for physical meas-
urements.

According to the results of X-ray diffraction analysis,
the holmium-manganese sulfides HoXMnl1-XS have a
NaCl-type fcc lattice [18]. With an increase of the degree
of cationic substitution, the unit cell parameter a increases
(fig. 1). No accompanying impurity phases were found in
the synthesized samples.

Magnetization and magnetoresistance. The replace-
ment of manganese with holmium ions leads to a signifi-
cant change of the magnetic properties of the samples of
the holmium-manganese system HoXMnl-XS. A sharp
decrease in the paramagnetic Curie temperature as a result
of the competition of exchange interactions and a de-
crease in the effective magnetic moment occurs. The mi-
croscopic mechanism of a decrease of exchange and mag-
netic moment is associated with a change in the electronic
structure of manganese ions interacting with holmium
ions. Ferromagnetic exchange interaction between man-

ganese and holmium ions leads to an increase in the mag-
netic susceptibility with decrease of the temperature.

The competition of exchange interactions results in
two possible variants: the disappearance of long-range
magnetic order with the formation of a spin glass state
[19; 20], or preservation of magnetic order in one of the
spin components and with frozen transverse spin compo-
nents (asperromagnetic state) [21; 22]. To determine the
nature of this state, we are to measure the magnetic mo-
ment at several frequencies.

In the spin glass state, the time during which thermo-
dynamic equilibrium is set depends on the temperature;
the magnetic characteristics depend on the measurement
frequency. The magnetic moment in an alternating
magnetic field, shown in fig. 2, below 7 = 30 K depends
on the frequency. Thus, the relative change of Re
M (0 = 10 kHz) -M (o = 100 Hz)) / Re (M (o = 100 Hz))
increases with the holmium concentration growth and Re
(M (T)) reveals its maximum at 7= 5 K, which is missing
in HoS.

Table 1
Composition Ho, % Mn, % S, %
I 10 40 50
11 17.5 325 50
il 20 30 50
0,0 0,1 0,2 0,3
q T T T T ]
a u
0,535 - 40,535
£ 0,530 - 0,530
c
(U" - -
u
0,525 - / - 0,525
{ o= |
0,520 . . . \ —! 0,520
0,0 0,1 0,2 0,3
O,
150]p (200 x, mol.% 1 150
—~ 1 |
3
8 100 - 100
—
> 1 |
x
2
& 50- 450
= 311 420
— j ( ) (400)( ) (422) 1
O rTrrTTTTTrrTTTT T T T T T T T T T T T T T T T T T T T T T T T 0
20 40 60 80 100
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Fig. 1. The lattice constant of holmium-manganese sulfide HoxyMn_,S
versus concentration and x-ray for x = 0.3
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Puc. 2. PeanbHast yacTh MarHUTHOW NpOHHUIIaEMOCTH (a, b, ¢) 1 MHUMas 4acTh (d, e) OT TeMIepaTypbl
st HoyMn, xS ¢ x = 0,3 (a, d), 0,1 (b, e), 0,05 (c) na tpex wactorax © = 1 kHz (/), 10 kHz (2), 100 kHz (3)

The imaginary part is practically independent from
temperature and has the value Im (M (7)) ~ 10-7 for
concentrations x < 0.1 and Im (M (7)) is qualitatively
different in the low-temperature range (fig. 2, d) for
a composition with x = 0.3. The quantity Im (M (7)),
which characterizes the decay of the magnetic moment,
increases with temperature decreasing, and the derivative
dIm (M) / dT passes through a maximum at 7 = 39 K at
a frequency of ® = 1 kHz, at 7= 44 K for = 10 kHz.
An increase in the temperature of the maximum of the
derivative of the imaginary part of the magnetic moment
with frequency increasing is also connected with the for-
mation of metastable states and is a characteristic feature
of spin-glass behavior. It is possible that the spin relaxa-
tion mechanism is connected with the exchange interac-
tion of localized and delocalized electrons, and the energy
from the spin system is converted into the kinetic energy
of current carriers [23; 24].

Replacement of manganese with a rare earth element
in ReXMn1-XS (Re = Gd, Sm, Ho) compounds [25; 26]
will result in a shift of the f-level. Several variants are
possible in this case, the f-level falls into the conduction
band, and the electron passes from the Re ion not to the d-
level of the rare-earth ion, but to the conduction band,
remaining connected with the donor. If the concentration
of such centers is low, less than the critical concentration
for impurity band or the percolation threshold formation,
then the substance will remain a semiconductor. If the

f-level is located in the forbidden band near the chemical
potential, extremum may appear in the temperature
dependence of the resistance when the chemical potential
is shifted with temperature increase [27; 28].

Substitution of manganese by a trivalent ion will cause
electron doping and may induce orbital ordering [29-31],
which will result in the splitting of the electron density of
states. Depending on the location of the Fermi level rela-
tive to the split density of states, the electrical resistivity
can change several times [32; 33].

In fig. 3, 4 the temperature dependences of the electri-
cal resistance measured without and in a magnetic field
are shown. The magnetoresistance is determined by the
formula,

s — PUL20)—p(T =0)

p(H #0)
where p (H = 0) ) is the electrical resistance in a zero
magnetic field, p (H # 0) is the electrical resistance in a
given magnetic field.

The magnetoresistance for compositions with x = 0.05
and x = 0.1 indicates that in the synthesized substances in
the temperature range 100 K — 300 K, the effect of giant
negative magnetoresistance is observed with the maxi-
mum effect of GMR in a magnetic field H = 8 kOe; the
value of 3, % is —100 and —80 %, respectively.

Tab. 2 shows the main physical characteristics of the
HoXMn1-XS holmium-manganese sulfide system.

-100 %,
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Fig. 3. Resistance HoyMn;_xS with x = 0.1 measured without a field (2)
and in a magnetic field H = 8 kOe (/) (a). Magnetoresistance at temperature (b)
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Fig. 4. Resistance HoyMn,_xS with x = 0.05 measured without
a field and in a magnetic field H = 8 kOe

Puc. 4. Conporunenne HoyMn, xS ¢ x = 0,05, uamepennoe
0e3 mosst 1 B MmarauTHOM 1oire H = 8 kOe
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Table 2
Ho,Mn,_,S a, nm -0, K Ty, K Sy, %o p, OM'cm
(H=8kOe) T=300K
H=0
I (X=0.05) 0.5242 140 145 100 2:107
II(X=0.1) 0.5256 100 134 80 3-10°
I (X=0.2) 0.5303 60 112 30 10

Where a, nm is the crystal lattice parameter; ®, K — paramagnetic Curie temperature; Ea, eV — activation energy; 7Ty, K is the
Neel temperature; 5y, % — magnetoresistance; p, Ohm cm — resistivity at 300 K.

Conclusion. The replacement of manganese with
holmium leads to a sharp decrease in the paramagnetic
Curie temperature as a result of the competition of ex-
change interactions in the solid solution and to a reduction
of the effective magnetic moment in the concentration
range 0 < X < 0.1. The microscopic mechanism of ex-
change and magnetic moment decrease is connected with
the change of the electronic structure of manganese ions
interacting with holmium ions. Ferromagnetic exchange
interaction between manganese and holmium ions causes
an increase of the magnetic susceptibility with decreasing
temperature in the magnetically ordered phase. The fre-
quency dependence of the magnetic permeability at low
temperatures and the maximum of the imaginary part of
the magnetic permeability for X' = 0.3, which is connected
with freezing of the transverse spin components, is found.

In solid solutions HoXMn1-XS, a sharp maximum in
the conductivity with respect to temperature is found,
which shifts towards low temperatures in a magnetic
field. A change in the sign of the magnetoresistance is
reviled with an increase in temperature below and above
room temperature. The results obtained can be used as
perspective materials for spintronic, as components of
sensor technology, magnetic memory based on the GMR
effect for a wide range of temperatures and magnetic
fields.
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